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Work carried out under this grant has led to the development of a technique for
scanning transmission electron microscope of polymers which seems to offer

outstanding promise for the characterization of their structures.
to amorphous thermqulastics, the structures are found to be homogeneous down
to the limit of resolution to the microscope, with no evidence found for the
presence of nodular features or other structures characteristic of regions of
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This finding is in accord with the results of
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; results of these studies, it is suggested that the nodular hypothesis be laid

to rest and that the structure of flexible chain amorphous polymers be
represented by models such as the random coil. The technique of microtoming
‘ bulk samples followed by staining with heavy metal atoms and viewing with 2
; contrast in the scanning transmission electron microscope has also been used

with surcess to characterize the structures of epoxy and polyimide resins. _—

* Commercjal polyimide films have been shown to be homogeneous on a scale of ey
. 50-200 ‘A5, with the scale and form of the heterogeneities varying through the &EEE:
thickné§§ of the film. The structuré of epoxy resins presents a more o

microstryctures c be observed. In thege cases, the typical scale of the
heterogeneities is 1w the range 100-200 A. For other epoxy resins and other
curing cghditions, however, substantially homogeneous microstructures are
produced. \It scems, therefore, that the production of heterogeneous structures

is not a chgracteristic feature of thermosetting resins. It also seems clear

complicated issueJS&:or some resins and some curing conditions, heterogeneous

that the structure of the cured resins, as well as their properties and g
performance tharacteristics will depend in detail on the resin and conditions 5‘3_
of cure. In‘lconclusion, it appears that the technique of high resolution, | Lol
high contrast: electron microscopy--carried out with the scanning transimission
electron micrqscope-—is veritably in its infancy. The technique secems to
offer particuliar promise for characterizing the structure of polymers since it
k | permits high céntrast images to be obtained with a minimum of electron
, irradiation andq with a permanence to the structural features. It is
anticipated thaf this technique will find many applications during the coming —
decade. ) P
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1. INTRODUCTION

This report summarizes the results of investigations carried out
under AFOSR grant 77-3226 during the period February, 1977 to October,
1980. The work has already resulted in six technical 5:31165tidns,
copies of which are appended to the present report.

The discussion on the following pages is intended as a supplement
to the results described in the papers, and will direct particular
attention to highlights of the work and to aspects of the work which
are not discussed in the papers.

The work was carried out under the supervision of Professors
D. R. Uhlmann and J. B. Vander Sande. The students who have carried
out work under the grant include: Miss M. Meyer, who was awarded
an M.S. degree from MIT for work carried out in the area; and Messrs.
G. Di Filippo and and B. Jang, both of whomexpect to receive their
Sc.D. degrees during the coming year. The activity has been a
most stimulating one for both students and faculty; and the principal

investigators wish to acknowledge their gratitude for the support

of AFOSR which made it possible.
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If. RESCLTS OF INVESTIGATIONS, STRUCTURE OF AMORPHOUS THERMOPLASTICS

The most widely accepted model for the microstructure of most
unoriented amorphous polymers is that of a random coil. This model has
been widely used to represent the properties of polymers, including
their elasticity and flow behavior. Beginning about ten years ago,
however, a number of investigations--based primarily on electron
microscope observations--cast doubt on the random coil model. The
essential and su;prising feature of these results, which are summarized
in Ref. 1, was the observation of heterogeneities (present in large
volume fractions) in nearly all amorphous polymers examined. These
heterogeneities, termed nodules, were observed on a scale of 30-200 ;.
Their observation was taken as strong evidence against the random coil
model and strong support for the existence of local order in the
materials. The degree of order was suggested as intermediate between
that of a random coil and that expected for a crystalline structure.

A forceful defense of the random coil model and a recapitulation
of its utility for describing the properties of amorphous polymers was
presented by Flory (2). As he noted, the observation of heterogeneities
in glassy polymers stands in contrast with the success of the random
coil model in representing many of the properties of these materials,

Further, the occurrence of nodular structures is difficult to reconcile

with the results of studies of small angle neutron scattering (3, 4, e.g.)

and small angle X-ray scattering (5, 6, e.g.) from several of the

same polymers.
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Small angle neutron scattering indicates radii of gyration for
the bulk polymers which agree within experimental error with the
dimensions of the chains in theta solvents (which are widely agreed to
be those of a random coil). The small angle X-ray scattering (SAXS)
studies, carried out by the principal investigator and by Professor
Fischerin Germany, are inconsistent in both the magnitude and angular
dependence of the SAXS intensity with the presence of nodular structures
as represengative of the bulk material.

In work supported by the AFOSR grant, transmission electron
microscopy was carried out on amorphous polycarbonate, polystyrene,
polyethylene terephthalate and polyvinyl chloride. Appropriately thin
samples of these polymers were cast from solutions using the same
techniques as those employed in studies where nodular structures were
reported.

For all four polymers, the structures were featureless down to the
limit of resolution of the electron microscope. No evidence was found
in either bright field or dark field for nodular features. Series of
through-focus electron micrographs showed the absence of observable
structure in the in-focus micrographs, and indicated that apparent
structure could be developed in the micrographs by going to under-focus
or' over~focus conditions (7).

These results suggested that the fine-scale (less than 30 R) apparent
structure seen in some previous investigations could reflect the use of
electron microscopes of insufficient resolution or the lack of proper
focus in taking the micrographs. To explain the observations of larger

nodules, other rationales scem required (e.g., the nodules may represent




surface rather than bulk features of the polymers) .

The combined weight of these studies led to the conclusion that the
structure of amorphous thermoplastics should be represented by random
array models such as the random coil. At the 1979 Faraday Discussion,
it was suggested by the principal investigator (8) and by Flory (9)
that the controversy concerning local order in amorphous thermoplastic

polymers could be laid to rest and that attention should now be directed

to more fruitful ‘areas.

>4 PECRIIRE 13 O TR TR T T A WY Y




IIT. SCANNING TRANSMISSION ELECTRON MICROSCOPE OF POLYMERS

The observations on amorphous polymers described in previous
sections were carried out using a *Vacuum Generators HB-S Scanning
Transmission Electron Microscope. Considerable attention was directed
during the period of the grant to developing techniques for using
this instrument to elucidate the structural features of polymeric
materials. . The capabilities of the STEM in this regard will be discussed
in the present section.

Several types of STEM are currently in use; they can be divided
into roughly three categories based on origin and philosophy of design.
First are the "dedicated" STEM's, pioneered by Crewe and his coworkers
(10), which use a field-emission electron gun housed in the ultra-high
vacuum system. A conventional TEM may also be equipped with a scanning
attachment and an electron detector and/or spectrometer, yielding what
may be referred to as a TEM(S). Finally, in practice an SEM may be
fitted with a transmission stage; in this case the designation SEM(T)
may be most appropriate.

In all three cases, the basic mode of operation is identical. An
extremely fine probe of electrons, ideally 2 to 3 ; in diameter, is
scanned across the specimen, which is in the form of a thin foil.

Va;ious products of the electron-specimen interaction are then collected
and used for image formation or microanalysis (see Fig. 1). The electrons
which have passed through the sample and have either been forward-
scattered with no change in energy or direction, inelastically scattered,

or elastically scattered can be collected by some type of electron !
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detector and used to modulate the intensity of a cathode-ray tube,
forming an image of the internal structure of the material,

Fig. 2 is a schematic ray diagram of the electron-optical column
of a dedicated STEM, the Vacuum Generators (V.G.) HB-5. The electron
source is a cold cathode field-emission gun located at the base of
the column. The gun is housed in an ultra-high-vacuum system, with

pressure < 2 X 10_11 torr, necessary for reliable, noise-free operation

and long lifetime of a cold-cathode field-emission tip.
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The elecctron hcam thus produced is then accelerated to a maximum
of 100 kV potential. Two electromagnetic lenses demagnify the electron
source to a final probe diameter as small as 3 X at the specimen, and a
set of double deflection electromagnetic coils scan this probe orthogonally
across the specimen. An annular detector is situated to collect the
electrons scattered through angles 0.02 rad < 6 < 0.2 rad, while the
forward-scattered and inelastically scattered electrons pass through the
center of this detector. These electrons are collected by the electron
spectrometer-bright-field detector assembly at the top of the instrument.
The spectrometer allows electrons of a selected energy to pass into the
bright-field detector, which produces an image comparable to the bright-
field image in a TEM (when "unsacattered" zero-loss electrons are detected).
The annular detector in the STE{ collects the bulk of the elastically
scattered electrons. Since the annular detector is nearly 100% efficient
in collecting elastically scattered electrons, compared with conventional
TEM, dark-field images can be obtained with a minimum electron dose,
especially when the beam scanning is carefully controlled. 1In addition,
for the annular detector the contrast mechanisms which are most important

in polymeric materials are maximized, i.e., thickness contrast and

atomic-number contrast.
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A._The Theory of High Contrast Imaging

Consider a thin polymer film where one phase, or one class of
microstructural feature, has been lightly stained with a heavy element
such as U or 0s. [f a total of N electrons is incident on the specimen,
then Ne electrons will be elastically scattered, Nin will be inelastically
scattered, and No (= N—Ne—Nin) will be unaffected by the sample. Theoretical
scattering cross-section calculations have been made by Lenz (33) and these

calculations can be simplified to yield

' e 46523 % "
N ab.v cb

R Nin - 868.21/3 n = noin 2)
N cb.v cb

for a thin sample where Z is the atomic number, V is the accelerating

voltage, 0. is the cross~sectional area of the electron beam, and n

b
is the number of atoms in the beam. Also, oe and oin are the elastic
and Iinelastic scattering cross-sections with the units of ;2.

Elastic scattering occurs at large scattering angles (50 to 100mr)
compared to the convergence angle of the illumination (20 mr), so that
%h ' most elastically scattered electrons are scattered outside the

cone of illumination. The inelastic scattering process, on the other

hand, is such that the angles of scattering are small (1 mr), and most

g:‘ inelastically scattered electrons stay within the illumination cone
-‘ (see Fig. 1). Since the annular detector (sce Fig. 2) subtends
"’ several hundred milliradians while the hole in the detector allows

it




electrons which subtend 20 mr or less to pass through, this detector
measures predominantly Ne.

The electrons that pass through the hole in the detector can be
separated into the two components No and Nin by mecans of the electron
spectrometer. Clearly, from Equations (1) and (2), Ne/Nin = Z/19 and this
relation is independent of specimen thickness or the energy of the
electron beam to a first approximation.

Before attempting to quantitatively assess the application of these
techniques to polymer microstructures, it may be wise to "step back" and
qualitatively describe a scenario for image enhancement. Consider a
simplified polymer sample consisting of carbon (C) atoms only, where a
"second phase" exists which can be lightly "stained" with a few uranium
(U) atoms. Now consider two columns in a thin section of the polymer,

one column contains only C atoms, the other column contains only the

"second phase' with associated U atoms. In a divided image (taking
the elastic image and dividing it by the inelastic image, Ne/Nin), the

contrast (= AI/I, where I is intensity) for these two columns will be

proportional to

92 - =

‘ ZU/19 - ZC/19 i I?:___l_?. e
=, ZC/19 6/19 :
‘ih- a very large contrast number.
‘g: A slightly more sophisticated approach might assume that iu the
) second phase one out of every 100 atoms is U, i.e., nC/nU = ,0l.

Then for the seccond phase
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NC+U 0o U+uc C
e u e ce
B i (3)
b
and for the matrix
C C
N no
e e
—_—= (4)
N ob
and, for the second phase
cC+Uu U C
Nin - nucin "%in
e (5)
b
for the matrix
Ninc ncoinC
N T o (6)
b
where v = the number of carbon atoms in the beam
nu = the number of uranium atoms in the beam and the other
parameters have been previously described.
Now, for a divided image, the second phase is
EE
NeC v nuoeU + ncoec
TH 7)
Nin nuoi +n oin
for the matrix
NeC oeC
T 5 ¢ @
N in
in

Using the definition of contrast
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N C+U N C N C+U N C
Al _ e _.&e_____e__ _in__, C)
1 C+U N C Cc+U C )
dn____Tin__ in e
N C
&
N, ¢
in
Therefore
v . C C
I nuoe + ncae oin
17 U ¢ + ~¢ 1! (10)
n o, +no (o}
u in in e

and substituting n_ = .01 ne

U

far in excess of the 5% considered necessary for visibility. Thus,
divided images of the type described above for very lightly stained {

polymers will yield contrasty images capable of elucidating the

polymer microstructure.

B. Radiation Damage in Polymers

The ability to characterize the state of inhomogeneity of such

M ANDANE
L.

epoxies represents a major step forward in the application of electron

ind i

microscopy to the microstructural analysis of polymers. It has opened

">

S N

opportunities for characterizing the microstructures of polymers as

o

)g1 functions of process history, including cure conditions, stress

applied to the samples, and the gencral thermomechanical history of the

: specimens. Certainly, the prescnce of such heterogeneities in partially-
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cured epoxies has important implications for the use of these materials
in high performance application. Also important, however, is the
potential for "seeing things" in polymers that could not be seen with
any other technique.
In the present work, a combined technique has been developed for
studying polymers. This technique includes ultra microtomy of the
polymers, followed by staining of the resulting thin sections with
heavy metal ions‘and viewing with Z enhancement in the STEM. The
combination of staining thin sections with heavy metal salts and
. viewing with Z enhancement in the scanning transmission electron
microscope seems to provide the capability of characterizing with
confidence the structural features of polymeric materials. As used

- in the present studies, with staining by heavy metal iomns, it has
been possible to elucidate the structure of a broad range of resins
with a clarity that is not possible using transmission electron
microscopy of unstained samples and with a confidence that is usually

not possible using replication electron microscopy.

Since the technique employs microtomed sections, it offers the
- possibility of characterizing the structure of bulk polymers. Based

on experience in our laboratory, the process of ultramicrotomy requires

£

..

considerable care to avoid introducing artifacts (chatter marks,

s

crazing, etc.) in the thin sections; but once mastered, the technique

o~

- .
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can be used routinely and efficiently. Use of the heavy metal stain

not only provides increased contrast for viewing structural features,

it also provides increased permanence to the features on viewing in

the electron microscope. That is, while short-range molecular
rearrangements induced by the electron irradiation can wipe out
structural features such as crystals at modest radiation doses,
relatively long-range diffusion of the stain is required to wipe out the

perception of the structural features in stained polymers; and this

requires substantially higher radiation doses.

~ —
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IV. STRUCTURE OF POLYEMIDE AND FPOXY RESINS

In work carried out under the present grant, the feasibility of
using heavy metal atoms as stains and combining the corresponding bright
field and annular dark field images of a specimen to provide greatly
enhanced contrast has been explored. Uranyl acetate has now been used
successfully as a staining agent for a number of thermosetting polymers,
including epoxies and polyimides. Although the selectivity of staining
of the different regions is small, suitable contrast can be developed
by the Z contrast technique described above, which involves combining
the bright field and annular dark field images of the sample.

Results obtained in this way are shown in Fig. 3 for an Epon 812
epoxy resin cured with NMA, DDSA and BDMA at 70°C for 2 hours. Without
the use of uranyl acetate as a staining agent, the microstructure
appears homogeneous. That is, the differences in density between the
regions of the specimen and the lack of structural order produce
insufficient contrast for structural features to be discerned in the
electron microscope. With uranyl acetate staining but without the
heightened image contrast provided by the Z contrast technique of the
STEM, structural inhomogeneities are perceived; but their character-
istics cannot be resolved with confidence. Using uranyl acetate as
a staining agent, and combining the bright field and annular dark
field images, the inhomogeneous microstructure of this cured epoxy
is apparent.

Difficulties associated with electron irradiation damage in

polymers have reduced the effectiveness of electron microscopy in

many polymer researd) areas. The M.I.T. STEM has been designed to
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Fig. 3 Microstructure of Epon 812 epoxy resin cured with NMA,

DSA and BDMA at 70°C for two hours.
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Optimize its capabilities for accomplishing low dosage electron
microscopy while maintaining excelleut resolution. This has been
done by equipping the microscope with a scan converter (image storage
device) that allows images to be stored after which the beam is
diverted from the sample, thereby eliminating additional radiatiom
damage. The operator of the instrument can then interact with the
scan converter to choose a small area in the stored image to be

used for magnification change, focusing, aberration correction, etc.
This area is then scanned by the beam to accomplish these corrections.
An unirradiated area is then chosen (this area existed on the original
stored image) and that area is photographed with a scan of the area.
In short, a high quality image of an area can be obtained with only
two scans of that area. The first scan, done at low magnification
and therefore low electron dosage, produces the stored image. The
second scan, of a selected area, provides the final, hard copy.

Two scans are considered to be the lower limit in dosage to produce

a hard copy of a quality image.

The scale of the inhomogeneities seen in Figure 3 is similar to
that inferred from small angle X-ray scattering (SAXS) studies of the
same epoxy resin cured under the same conditions. This SAXS work
is described in detail in the appended paper from the Journal of
Polymer Science. As indicated there, the small angle X-ray scattering
(SAXS) from an Epon 812 and two Epon 828 (one amine~cured and one
anhydride-cured) epoxy resins has been measured using a Bonse-Hart
system. The data cover the angular range (20) between 20 sec and 60

min. After correction for absorption, background and vertical beam
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divergence, they have been placed on an absolute basis by comparison
with the scattering from a previously studied polycarbonate sample.
The corrected absolute intensity decreases strongly with increasing
angle between 20 sec and 2 min, decreases more gradually between
2 and 20-30 min, and reaches a nearly constant asymptotic value at
larger angles. The magnitude of the intensity in the constant-intensity
region is close to the value predicted by thermodynamic fluctuation
theory for fluidg applied at the glass transition temperature. The
increase in intensity at angles smaller than 20-30 min is associated
with heterogeneities in the cured resins. These heterogeneities
cover a range of sizes in all samples, from less than 100 Z to more
than 1000 Z, with the most frequently occurring size in the range 100-
o
200 A.

As further examples of the combined techniques of microtoming,
staining, and viewing with Z contrast in the STEM, a series of
investigations were carried out on polyimide films. Particular
attention was directed to commercial polyimide films such as du Pont's
H film. 1In all cases, the film was microtomed, stained with uranyl
acetate, and examined using the Z contrast STEM technique. In ail
cases, the structure was seen to be markedly heterogeneous on a scale
of 50-200 ;. The scale and detailed form of the structure was
observed to vary continuously through the thickness of the film--

very likely reflecting the solvent casting procedure used in its

manufacture. The presence of such heterogencities has important
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implications for the performance of these materials, particularly in

applications which depend on the permeability of a substance such

as water through the films.
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V. CONCLUDING REMARKS

As indicated in the preceding sections, work carried out under
the present grant has led to the development of a technique for scanning
transmission electron microscope of polymers which seems to offer
outstanding promise for the characterization of their structures.
When applied to amorphous thermoplastics, the structures are found to
be homogeneous down to the limit of resolution to the microscope, with
no evidence found for the presence of nodular features or other
structures characteristic of regions of local order in the materials.
This finding is in accord with the results of small angle X-ray
scattering, wide angle X-ray scattering and small angle neutron
scattering studies of the same materials. Based on the combined results
of these studies, it is suggested that the nodular hypothesis be laid
to rest and that the structure of flexible chain amorphous polymers
be represented by models such as the random coil.

The technique of microtoming bulk samples followed by staining
with heavy metal atoms and viewing with Z contrast in the scanning
transmission electron microscope has also been used with success
to characterize the structures of epoxy and polyimide resins. Commercial
polyimide films have been shown to be homogeneous on a scale of 50-200 ;,
with the scale and form of the heterogeneities varying through the
thickness of the film., The structure of epoxy resins presents a more
complicated issue. For some resins and some curing conditions,

heterogeneous microstructures can be observed. In these cases, the

typical scale of the heterogeneities is in the range 100-200 A.
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For other epoxy resins and other curing conditions, however, substantial-
ly homogeneous microstructures are produced. It seems, therefore, that
the production of heterogeneous structures is not a characteristic

feature of thermosetting resins. It also seems clear that the

structure of the cured resins, as well as their properties and performance
characteristics will depend in detail on the resin and conditions of

cure, .

In conclusion, it appears that the technique of high resolution,
high contrast electron microscopy--carried out with the scanning
transmission electron microscope--is veritably in its infancy. The
technique seems to offer particular promise for characterizing the
structure of polymers since it permits high contrast images to be
obtained with a minimum of electron irradiation and with a permanence

to the structural features. It is anticipated that this technique

will find many applications during the coming decade.
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HE ATOMIC STRUCIURL OF GLASSES

thimann, D, R,
g Department of Matetials Sclence and Taplaveriog

Hassachusetts lustitnute of Tectinalo, v, Cardie g, Mass,, LSA

tnformation en ¢y sttu-tore of gla sen on vortous scales s sevieved.
Particular attenticn §s directed to models nsed to veprescnt the structure

of glass, and tuv the resulls of varinm detetateations of plass structure.
Attentfon fs Jitccted to both axlde and polyecr plasses. Tt is wopgested

that random artay redels seem o provide the Vet description of structure for
eost glasses, btut that the arrays nav consist of wnilts larger than the basic
structural untts of the materials.

. 1. INTRODUCTION

Eatly controversies betwren proponcets of the crystalltte and random network
modets of oxide glass atructure wige gonerelly decdded i faver of the random
network model, based largely on the arpument dvanced by Warren (), e.g.)
consfdering both the breadths of the wide angpte diffraction maxima and the

absence of very pronovnced X-ray scatteving o osmall angles,

Recause of the wide aceeptance of the randon mtwork model, it came as a great
surprise to many when clectron microscepe stulles of a number of glarses
fodtcated the preseace of heterngen Stdes tn 4 scale of 50-200 ;\ The hetero-
4 geneftive were present in large valvme fractions (In the range of 50%), and
were seen in both sinple componint and mudtioemponent gliasees, using both

replication snd direet transmfssion clectiron mlcroscopy.

- The phenomenology of phase separation fn oxfde glasies has heen reviewed by a
number of authors (2, 3, e.g.). Microstrurtur s conslsting of discrete second
phase particles ate generally seen near the bewndarfcs of miscibility gaps
(volume fractions ot sccond-phase ratertal lesa than 15-20¢), while inter-
connected microstructutes nre often, but not {nvarfably, observed In the

central regionn of miscibility eaps.

1o many glasa-forming systems, even mote complex phase arrays can be produced
as a renult of llquid-ltquld feriscibitity. Tt bas beep demonstrated, for
exumple, that a amultiplicity of amorphous phaces van be p;odumcd by appropri- !

+

.

e
*
" ate heat treatment of varlous compedtdws (4, ¢.8), and that sccondary phase
. separation Is a phenorenon of potential foportance in many glasses (5, 6, e.g.).
X

Cautton should he excrelsed in tnferttuy the eochmtsm of phase separation
from the form of thr obseyved structures, Tt ha. been noted, for cxanple,

. that Interconnected microstructures ¢an be produced by the formatfon, growtn

et (28)
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th
ared ceolescence of discrete second-phaes parttoted (7, oy} ard that diacr e

o Lol structures can be produccd by heat tnoatment of i cenncted

structures (7, 8, e.g.)e Tt s oo bean nated that foclbs ten of the e ol
bigler-vider aonlinear terms fn the thoory ¢ - pracdal dov vpecacton foads e

Abteabun of the Interconnectivity seen In tlhe sty staee, T ar treatment,

BUIEE

In an alreadv-classic paper, Mozzr and Varren (1) uwsed tha tedimique of
Fiowrerrence excitation to eliminate ¢ apten soattering, and obtatned reli-
atte data out to large values of «tes/00 v boemd the pamton notvork medo d
te provide the bost representation of ti wtracture of ¢y Sm?; and tley
detetmim J that the esaential structural ron dosess of p1oas resulted Goth
from o vrrtatlon In SE=0-S{ bond anples, whieb I et e ' b than that o}
avetatline pelyvrorphs of S10,, as well we £ oo distedt tian of rotation

wilen of one tetruhedron with respest 1o n Ldiacent tetr da lron,

Mezzt o ad Warren orfginallv supge:ted o mean S0-0=81 e oaneat 144,
Re-amdesis of teds data by Silva vt al, (1) o sidored difforent dampiay
facters and suggosted a mean SE-0-St anple of 191,5-150.77,  Sub o quent votk

By Lhlmwn and Wicks (31), who atso oustdered difforent e of the donedng
fator, sugpesred a mean S{-0-~5{ anple of 1477, Thils vielae was based o o
doeptag factor o oL The distribatlon of rotatton anploe o) cne tetrabiedson
LAt re pedt to another was found to be roadeas Ihat La, v ovidence v foond

o the edee-oppoestte~face ordent (tione of tetrabedra vhlb v e commonly 2o
o costalltue silfcates,

e th. e of v ):. ft has been found (11, 12) that the Gy apvtbution of
Ce=toon geples de the plass b noarly oa shoue oy that ta the ervetal, 1t vas
cargo-ted that the esseattal structural randerne 5 oof piaoey ("”2 results
froo b Barnabatdon o rotation angles ot cue tetrahe Yren with re oct

tooan Ttacent tetiahedron,

L wd Uhitmann (11, 13) alsoe foeand that the randem et tb medel prostded
the bt peptesentation of the stractute of  curter o1 frp ) phase als .l
cAlicre gla e 0 Some evidence wa toend, boseare, ba the pdring of atkadd
.o+ tr the stracture. Evidence fop palrdors b Teen proasdod by othar
Mftey cten <eebios of multdcerp nert wlaiccs, © dhson wod In the excell st
vt fothils apd other aspects of the structare of evtfe s hasces by Foral-
Foohite (1a).

Ciher voarkere base daterpreted drtira thon data o those places using

modtfod crvstalitte models (15, e.p ). Support for the rand m network rodel

(&)
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has, however, bevn provided by & set've of o)l angle X-ray scattering
studies (16-19, e.x.). For both S‘“) and Lcﬂz, an asymptotic small angle
intensity {8 observed, whose mapnftede fa within a tactor ¢f 1.5 of that pre-
dlicted from theprodsnamice fluctueation theory for thermal density fluctuations
frozen-ta at the glasn transtition,  lhewe tiudingr provide strong evidence
against the occurtence of crystalllite. or other heterogencous features as the

basic structural units of the matertals,

A atgntflcant quention has arlsen (onccantng whether the thermal densiiy fluc-
tuatfons are In fact frozen-in at the glase transition, or whether one should
anticipate a thunge {n the fluctuation scattering with decreasing tomperature
below the glats trarsitlon.  Feor a posder of glasny polymers, HWendorff and
Fischer (20) found in an fmpertant study that the asypptotic scattering de-

creased linearly with falling tempurature bel w the glass cransition,

In contrast to this work s the mst drpressive study of Poral-Koshits end his
calleagues (18) who measured the asymptotic small angle X-ray scattering from
glassy 5102 aver a tauge feom reom temperature to 1000°C. It was found that
the lvvel of a.ynptotic scattering was con-tant over this bread range of ten-
perature, lndlcatlog strongly thaot the thermal density fluctutatfons are

frozen-fa at the glass transition,

The origin of the difference between polvmer glyusca and oxide glasses In this
repard remalna unexplatned. Wendeeff nd Flocher suggest that the density
flucruittons below the glass trans{tfon ate proportional to the compressibildity
of the aample at Tg and to the actual teererature of the sample, The ration-
ale for the change (n densfty flucturtions belew the glass transgtien is far
from convincing; and {t should he noted that the data of Porai-Koshite and hias
colleagues cover a much broader r.ange of temperature, even when scalodby the
glase tranaftion temperature, than do the datn on the pelymer glasses, Con-
sidering the tmportance of deoasity fluctuations to motters of present tech-

nelogteal fnterest, this area seems to mrit closer attention,

Although the wide nngle and smill avgle X -1av diffractlon studies of 5§10, and

2
CPUI glasaes acem heat represented by random netwnrk sttuctures, electren
microscope ohiervationa (21, c.g.) sugpestod the prescnce of domains (termed
mlcelles) hoving 8 degree of order Interncdfate between that of a random

atray and a perfect crystal. The clectron microecope evidence was re-examined

v Seward and Uhtmann (22) 1o the case of S0 1t was found that hetern~

2°
genelties were only sometfmese sven, and when eeen, depended on the techniques

used to prepare samplew for the electron microscope observations, It vas

(28)
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sugpested, therefore, that the ortpina obscrvation. nf b teropeneltt. - in
' single-phase glasses should not be tolen as representativy of the stracture of

the materials,

In the case of 8203. the structure 4 on uot neem to be oo powed of 2 gandom 4
B netwvork of &‘] triangles. Rather, a randem array ot boroxyl anlts (23) ¢r an
srray of twisting ribbons of trtanglee with ot tnrey t{b o - ocrrelat fons (&)

have been suggested to represent tlu structure.

The results obtstned om HZOJ and the rodols supgested to represeat the structure
rajse an intercsting issve with respect o the jand w network moded.  Spocfff-
cally, in the case of 52 e the randem arravs which provide the bhest doucrip-
tion of experimentsl datas are composcd ol units Shich are lbarper than the basic
structural units of the matertal (u(\' trtaaeles),  dhte reaalt oo by applicable
ss well to other glasses, where the rundao netuork »ay consist of ertitics

larger in scale than the fundamental unfts nf the —tructure,

With this qualification, {t stould be noted that (o1 011 of the sfople-phase
oxtde glasses studied uaing modern diffraction and conputattonal technigues,
the best representations of the structuie arte ot prevtded Iy medele Lo ed on
crystallites, micelles or nodules, paracrystals, op <rtutures tavieg five~fold
aymmetries, Rather, the best descriptions of tlhe ciructure seem to he providad

by random array models.

The term random array has been uséed as a penerallzation of the rander notwark
rodel, since modtfication of the mriel 1s obviousty toquiecd for 1ogfove of
composition where the formation of throe-divenslenal retwerka 1o met poethle--
e.g., reglons of the metasilicate compoaitions In alkall slilceate syt vhere
even the cryatals are compoacd of chalrs of sm‘,‘ tetrataddes, or the o 1ting
nev classen of oxide glasses preduced by rapld querch trchinlques in 2hiteh vet-
work (ormation is most unlikely., For such matertals, o well as fer [iocar
polymers, the generalized picture Is that «f a ramtom arrav In which tie strue-
tural elements are randomly arranped and tn which no antt of the strucrure Is

repested at regular intervals in three dimensions,

In 1ight of the success of the rundom network moded o cepresent foy e ~truc-
tute of many oxlde glasses, 1t would al:n «cem desfralle to examfoe in Jdetall
the principles upon which such a model 14 based, A< peted previeously (25), the
orfpinal conceptual basis af Zacharfasen (b}, that “the substance van form
extended threv-dimensional networks lacking perfodicity with an encigy content
almllar to that of the corresponding erystal network”, weems highly inplifled.

A number of classic oxide plass formers have, In fact, rather large dlflerences

(28)

[}
ALY N LA Y Y TR TN e e -




~
"

x, e

&8
1 energy hetwcen Yhgutld and oyt

SN |'l"‘ aad K,n'u'vn",). tutthor, while
a gl dEfference o oencgay b twren Tigudd ) 1'y'<»|.l‘) wenld deply g rolative-
Iv seatl drfving foro0 for orv toallacatdon at 0 piven undote i, and fuose .
relatively small ervacal groweto e, e w oot alen dmply o aedat v by seall
crvital=liquid sutt e froe vocery, and oo o relatively gl pue bcatfoa vat.

{even allowing for the cifect on driving terod ),

To the present author's knowledpe, there have bocn oo studles which bave unvqul-
vorally eluctdated the structure of the fudividual phases in two-phase or oult]-
phase glasses,  In Hpght of the wiocrss of b 1andom areas nodels dn repre
senting the structure of both single conponent apd cinple phase hipary glacse:
ft seems reasenable (o adopt the wrrking byvp et that the stractures of the

indtvidual phanes fn phase-separatcd plas.ow can also be describad by sl vondel .

Before clostng, 1t shbould be neted that a wroast deal of the intevest and a. -
tivity fu the fleld of plass scieme 45 concerned with glasaos which are wn-
famtifar to manyv traditional ¢l o technotopinte,  Framples of these Rlasses are
tongstate and nlobate glawses, motal alles placces and pelumer plesses. Ta gark
wf these arcas, drpartant tastehts can be previded 5y the tralitional glass
scheutists, andg we bo tee oxide plass cor untty sheuld be encoutaped to hiaaden

our scape and participate fn the activfty.
A< an example of work {n other flelds vhar: tructural questions have been -

dresced with vigor, consfder the « o0 of polvecr plasaes, whese ctructure vas
tradit{onally repro.ented by the rand m ) vadel (27), vhich can be regarded
e form of the random array me el thi rodi Laiccetved very wide  ceeptance tn the
fleld of polymers, and was constdered e provide a veeful deseription of both
structure and propetcles.
In developrents « 1osely paratlel to thoae In the ticld of oxfde glasses Jdlis-
cussed above, but occurving 1ater In tine . clictron microsiope ohoervatlons
(28, ~.g.) of a large nurher of glacny thoameplastics indlcated the presvnce
of heterogenelitics on a scale of W0 200 ;\ These beteropenctttes, termed
nodules, wevre reported to be precent {o latge velume ftractions (tn the rapps
of 501), were scen fn both stercorvubar ! atactic pelvmea s, and were (hser-
ved tn hoth bright fleld and dark fiedd «toctron micrecope. These nodular
heterogenefties vere takin as «treny evid roe agalost the randem coll meded,
and strong suppert for the exfstence of 1 clone of 1ncal order o the materials
Atso stmitar to developments In the (el of nvide glasses, subsequent fe-
vestigations of the atructure of amerphoue thermoplantics have Indicated that
the nodular featuren are not represent sti-o of the ctructure ot the bulk pe-
Tvmera,  This conclusfon §y based on direct structural tovestig tivns ot tour

types: (1) small argle neatren scattertng (29, e.p.); (2) wide anglic X-ray

(28)
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scattering (30, e.g.): (3) small angle X-y 4y meattondng (31, e.g.); (&) liphe
scattering (32, e.g.). In addttieon, laveatigations of the optlcal antuatvoptes
of pofymera have provided further evidenc: agafnst the extstence of ordered

replona as chatacteristic structural featvevs of glasey polvoers, ’

In conclualen, the fleld of gRlaus structmal stadics 14 a dynaste awd hiphly
futerestfng area for scientific fovestipations, Con-f{divable progreas haw been
made In elyc fdatfng the atructure nf the traditlons) netvorh based ovlde glassen:
and the prospects are quite good for furtier advinces In the fleld.  The focus
of glase structural studlea seems, however, to have «hifted to novel oafide
glasses and to s broad range of ren-oxide glasses. Il rorentuwn (o thia di-
rection secrs, {f anything, lhely to fucrease tn (e ciming decade.
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Small angle X-ray scattering (SAXS) and high resolution electron microscopy have been used to
characterize the structure of glassy polymers. The SAXS from polycarbonate, poly(methyl meth-
acrylate), poly(ethylene terephthalate), poly(vinyl chloride) and polystyrene is inconsistent, both in the
form and magnitude of the scattered intensity, with the presence of nodules as representative of the
bulk structure. The electron microscope results provide no evidence for heterogeneities on a scale
and volume fraction of the reported nodules. Only the pepper and salt features characteristic of
microscope operation near the resolution limit are seen. It is suggested that the structures of these
amorphous thermoplastics be regarded as random arrays.

1. INTRODUCTION

The question of local order in nominally glassy polymers has been the subject of
considerable controversy during the past decade. A sizeable number of investigations,
based primarily on electron microscope observations, have cast doubts upon the utility
of the random coil modei for representing the structure of these polymers. The
results of the investigations are well summarized in ref. (1) and (2).

The essential and initially surprising feature of these results has been the observa-
tion of heterogeneities, typically on a scale of ~50-100 A, in a number of polymers.
Among the polymers in which such nodular structures have been observed are polycar-
bonate, poly(ethylene terephthalate), natural rubber, isotactic and atactic polystyrene,
poly(vinyl chloride), and poly(methyl methacrylate). Investigations of nodular struc-
tures have included the following types of observations: (1) the nodular structures
have been observed in both direct transmission and replication electron microscopy;
(2) dark-field electron microscopy has indicated the presence of ordered regions of
approximately the same size as the nodular regions; (3) the nodular structures have
been observed to change with changes in the process history of the samples; in particu-
lar, they have been observed to increase in size and/or rearrange upon annealing and to
align upon stretching; in some cases, the nodules have been suggested to merge on
annealing into patches, which in turn aggregate to form lamellar crystalline structures;
(4) when etched by ion bombardment, glassy polymers do not thin down uniformly;
some at least develop a granularity on the scale of the nodular structures; (5) the size
of the nodules varies from one polymer to another, but does not differ significantly
from one form of a given polymer to another (as isotactic vis-d-vis atactic); and (6) at
least in the case of polystyrene, electron irradiation has a pronounced effect on a dif-
fraction halo corresponding to a Bragg law d-spacing which is identified as correspond-
ing to an intermolecular rather than an intramolecular distance.
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The accumulated weight of these observations has been taken as strong evidence
against the random coil model for representing the structure of glassy polymers and
support for .= existence of regions of local order in the materials. Electron micro- .
scope studies o° thermosetting polymers such as epoxy resins?® have indicated hetero-
geneities on similar scales to those seen in giassy thermoplastics. In these cases, the
technique of replication electron microscopy was employed; and the form and scale
of the structure« were found not to depend on the curing conditions.

In addition to such direct observations of heterogeneities in nominally glassy poly-
mers. 4 number of measurements, ranging from X-ray diffraction to mechanical relaxa-
tion, have been taken as inconsistent with the random network model. In addition
to the work discussed in ref. (1), particular note should be made of the relaxation data
obtained on amorphous polystyrene using a torsional braid technique.* Such data
have indicated a transition occurring at temperatures above the glass transition tem-
perature, T7,. Such transitions have been termed 7, transitions, and taken by some
workers as evidence for loca! order in the polymers in their glassy state.

In contrast to these suggestions of local order in the materials, many properties of
amorphous thermoplastics are well described by the random coil model. Many of
the results of relevance here were reviewed by Flory.S In addition to these, the results
of studies using small angle neutron scattering® and wide angle X-ray scattering’ have
provided important insight into the structure of amorphous polymers. These will be
considered by others at the present Discussion, and discussed briefly in section 4
below.

The present paper will describe small angle X-ray scattering (SAXS) and electron
microscopy studies of a number of amorphous thermoplastics. 1t will also present
results of SAXS studies of cured epoxy resins. Some of the results have been reported
previously;®® the interested reader is referred to these papers for details, where
appropriate, which are omitted here.

2. SAXS STUDIES

SAXS data on polycarbonate (PC), poly(methyl methacrylate) (PMMA), poly-
(ethylene terephthalate) (PET), poly(vinyl chloride) (PVC), polystyrene (PS) and a
number of cured epoxy resins were obtained using a Bonse-Hart SAXS system. The
system incorporates slotted germanium single crystals in both the incident beam and
diffracted beam in order to eliminate the effects of slit-width smearing while still
maintaining usable intensities. After correcting for background and absorption, the
data were desmeared using a weighting function which was determined experimentally.’
In accomplishing this desmearing, an iterative deconvolution procedure was em-
ployed, using a multiplicative correction to obtain the trial function at each step.
This has been taken as the lower limit of the present measurements.

In carrying out the desmearing procedure, it was assumed that the scattering from
the specimens was isotropic. This assumption was verified experimentally by rotating
the specimen and investigating the effect on the scattered intensity. The intensity was
found not to change upon sample rotation.

The measured intensities, corrected for background and absorption and desmeared,
were placed on an absolute basis by comparison with the scattering measured for a
known standard material, obtained under similar diffraction conditions. In all cases,
a colloidal silica suspension (Du Pont Ludox IBD 1019-69) diluted to 1.46 9%, by volume
was used for this purpose.

For all the glassy thermoplastics, samples of commercial materials were employed *
(Lexan, Plexiglas G, PET from Du Pont chill roll, American Hoechst PVC, and lens-
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grade PS). The epoxy resins included EPON 828 cured with triethylene tetramine
(TETA) for 4 days at 100 °C; EPON 828 cured with nadicmethyl anhydride (NMA)
and benzyldimethyl amine (BDMA) for 14 days at 175 °C; and EPON 812 cured with
dodecenylsuccinic anhydride (DDSA) together with NMA and BDMA for 24 h at
130 C.
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FiG. 1.—Variation of absolute SAXS intens:ty with scattering angle for amorphous PET: O, de-

smeared experimental data; @, calculated intensity for thermal density fluctuations + distribution of

heterogeneities; A, calculated intensity for a 50 vol. ¢ concentration of 100 A heterogeneities
characterized by the crystal excess density.

Representative results obtained on the amorphous thermoplastics are shown in
fig. 1 and 2 for glassy PET and PVC, respectively. For these and all the other glassy
polymers, the intensity decreases markedly with increasing scattering angle at very
small angles and reaches or approaches a nearly constant value over a range of inter-
mediate small angles.

A nearly constant (asymptotic) SAXS intensity at small diffraction angles (26
~1°) is expected for thermal fluctuations in density in an otherwise homogeneous
material such as an ideal liquid or glass. In the case of glasses, Weinberg'® has sug-
gested that the configurational fluctuations (but not the vibrational fluctuations)
present in the liquid at the glass-transition temperature, T,, should be retained in the

i
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glassy material. The magnitude of the asymptotic zero-angle scattering may then be
expressed as:

10) = V< (8p)? > = kT,K(T)p" )

here Ky (T,) is the isothermal compressibility at T,; k is Boltzmann’s constant; p is
the average electron density; and ({Ap)?> is the mean-square density fluctuation in a
region of volume V.
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FiG. 2.—Variation of absolute SAXS intensity with scattering angle for PVC: @, desmeared ex-

perimental data; O, calculated intensity for frozen-in thermal density fluctuations plus scattering

from heterogeneities listed in table 1; A, calculated intensity from heterogeneities 200 A in diameter,

having the crystal excess density, and occupying 50%; by volume; (- --), intensity due to thermal
density fluctuations.

For each of the glassy thermoplastics, the measured SAXS intensity reaches or
approaches an asymptotic value which is close to that predicted for thermal density
fluctuations frozen-in at the glass transition. (The difference between the measured
and predicted intensities varies from << 10% of the predicted value for PC to & 50%; for
PMMA). Considering the possible uncertainty in the values used for the high temper-
ature compressibility, the agreement here must be regarded as impressive.

The occurrence of scattering in the very small angle region above the level corres-
ponding to thermal density fluctuations indicates the presence of heterogeneities in the
material. Using the exact expression for the SAXS from spheres, distributions of
heterogeneities such as those shown in table 1 for PVC were obtained by fitting the
experimental data. The points labelled by open circles in fig. 2 show the scattering
from the particles in table 1 superimposed on that from thermal density fluctuations.
The agreement between measured and calculated intensities is seen to be excellent;
and comparable agreement could be obtained for each of the other polymers investi-
gated.

In estimating the actual concentrations of the heterogeneities which are indicated
by the increase in SAXS intensity at very small angles, it is necessary to assume a value
for the density difference Ap between heterogeneities and matrix. In the case of PET,
for example, if the scattering is assumed to be associated with microvoids with a
density difference from the matrix equal to the bulk density, (Ap)* = 0.20 electron® -
A-¢, the values of C(Ap)* obtained from fitting the experimental data would indicate
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volume concentrations of (4 x 107%)-(2 x 10~%), and the total concentration of
heterogeneities estimated from the intensity invariant (see below) would correspond
to a volume fraction of &7 x 1073, If, in the more likely case for this material, the
scattering is associated with crystallites, with a density difference from the matrix of
(Ap) = 2 x 1073 electron? A%, the values of C(Ap)’ would indicate volume con-
centrations of 0.04-0.2 9. The total concentration of heterogeneities estimated from
the intensity invariant in this case would correspond to a volume fraction of ~0.7 .
Even smaller total concentrations of heterogeneities were estimated for PC and PMMA.

TABLE 1.—SIZES AND CONCENTRATIONS OF HETEROGENEITIES DESCRIBING THE SAXS FROM

PVC
C(Ap)?/107 electron? C/% (Ap = 0.034 C/% (Ap = 0.45

radius/ A-s electron A-3) electron A-3)
4500 5.78 0.05 0.000 29
3500 2.89 0.025 0.000 14

2000 1.33 0.0115 0.000 066

1000 1.91 0.0165 0.000 094
700 3.24 0.028 0.000 16
500 15.0 0.13 0.000 74
150 8.44 0.073 0.000 42
50 23.1 0.20 0.000 14

A check on the estimated concentrations of heterogeneities can be obtained
by evaluating the contribution of the heterogeneities to the mean-square density fluc-
tuations, {(Ap)?>. The magnitude of this quantity for the scattering above that due
to thermal density fluctuations may be determined from the invariant integral:

[ RI'(h) dh = 20%(Ap)) @
0

where I’(h) is the intensity above that due to thermal density fluctuations. In all
cases, the magnitude of {(Ap)?) determined in this way is close to the sum of the con-
tributions from the heterogeneities inferred from fitting the intensity data.

In the case of PVC, table 1 shows the concentrations which are implied by assuming
the crystal excess density (Ap = 0.034 electron A~3) and also those implied by assum-
ing that the heterogeneities are microvoids (Ap = 0.45 electron A~3). It is important
to note the concentration of very small (50 A) particles in the indicated distribution.
The iriclusion of these particles 50 A in radius serves two purposes. First, it helps to
account for the measured intensity in excess of the thermal fluctuation scattering at
angles between 20 and 30 min, and it accounts for the slight negative slope observed
for this part of the curve. Second, it is needed to make up the difference in the mean-
square fluctuation density which the larger particles cannot represent by themselves.

It should be noted that particular distributions of heterogeneities, such as that
shown in table 1, are by no means unique. Other models with somewhat different
values for the sizes and relative contributions could undoubtedly provide an equivalent
description of the experimental data. Any such model must, however, associate the
scattering at very small angles with small concentrations of rather large particles (as
concentrations in the range of 0.04 vol %, of particles several thousand A in diameter in
the case of PC).

Any implication that the heterogencities are characterized by the crystal excess
density is not intended; and it seems likely that many of the heterogeneities are not
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characterized by such a difference in density relative to the matrix. In particular, it
seems reasonable that the larger heterogeneities are not large crystals but rather are
heterogeneities extrinsic to the polymer (such as dirt or perhaps stabilizers or process-
ing aids which have precipitated during processing). These should have a larger Ap
than crystallites, and would be present in concentrations smaller than those indicated
for heterogeneities with the crystal excess density.

It is also possible that the heterogeneities are characterized by Ap values which are
smaller than the crystal excess density, in which case the volume fractions would be
larger. For PVC with Ap = 0.0045 electron A~* (Ap/p - 1 2,), for example, the in-
dicated concentration’of 500 A heterogeneities would be > 7 °,. Such heterogeneities
could represent locally dense regions containing relatively high concentrations of chain
entanglements, probably given some permanence by the presence of a small con-
centration of small crystallites.

The forms of the scattering expected for heterogeneities having the size of the
nodules reported in electron microscope studies, occupying a volume fraction of 50 °;,
and characterized by the crystal excess density are shown by the filled triangles in
fig. 1 and 2. 1t is seen that the experimental data are inconsistent, both in the form
and magnitude of the scattered intensity, with the scattering expected for such an
assemblage of nodules.

Use of the invariant integral to estimate the mean square density fluctuation in the
materials, beyond that expected for thermal density fluctuations, also presents problems
for the nodule hypothesis. In particular, density differences between heterogeneities
and matrix in the range of 1 % or less of the bulk density are indicated. Such small
density differences would not produce perceptible contrast in the electron microscope,
either by amplitude contrast or by Fresnel type phase contrast; and it seems unlikely
that heterogeneities differing from the amorphous density by as little as 1 9 could be
characterized by sufficient order that perceivable diffraction contrast would be noted.

Taken in toro the SAXS results provide strong evidence that the nodular structures
seen in the electron microscope are highly unlikely to be representative of the bulk
structure. It is suggested, therefore, that the nodules may be associated with surface
effects, and that the structures of the polymers be regarded as random amorphous
arrays. with small concentrations of heterogeneities superimposed on thermal density
fluctuations frozen-in at the glass transition.

While most of the controversy surrounding the existence of nodules has centred
about thermoplastic polymers, many studies have been conducted on network-forming
thermosetting polymers as well. Heterogeneities, generally on a scale of 50-3000 A
and present in large volume fractions, have been observed in transmission electron
microscope studies of a number of cured epoxy resins. Among such studies, that of
Racich and Koutsky® has provided the most clear-cut evidence for the presence of
structural inhomogeneities. These workers observed heterogeneities (which they
termed nodular structures) on free surfaces, fracture surfaces and etched surfaces of
epoxy resins of widely different cures and chemistries.

The SAXS intensity from the three cured epoxy resins are illustrated by the data in
fig. 3 for the Epon 812/NMA/DDSA material. The intensity is seen to decrease with
increasing scattering angle out to = 24 min, beyond which the intensity remains almost
constant. The asymptotic level of scattering is close to that expected for thermal
density fluctuation (0.3 electron* A2 as compared with 0.18 electron? A-3),

The pronounced rise in scattered intensity at small angles (20 << 24’) and the
excess asymptotic scattering at larger angles (over that predicted by fluctuation theory)

can be associated with heterogeneities in the sample. The sizes and concentrations of ’

heterogeneities needed to describe the observed scattering are shown in table 2. The
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Fi1G. 3.—Variation of absolute SAXS intensity with scattering angle for Epon 812/NMA/DDSA :
@, desmeared experimental data; O, calculated intensity for thermal density fluctuations + distri-
bution of heterogeneities shown in table 2.

presence of large heterogeneities (R > 250 A) is required to explain the large increase in
intensity at very small angles. [t is likely that these heterogeneities are extrinsic to the
polymers. While adventitious impurities such as dirt may be responsible for some of
this scattering, the most likely source is gas (air) bubbles incorporated in the resin dur-
ing its cure. As seen in table 2, concentrations of gas bubbles in the range of 10-3
are sufficient to account for the observed scattering (above fluctuation scattering) in the
very low angle region.

TABLE 2.—CALCULATED SIZES AND CONCENTRATIONS OF HETEROGENEITIES IN EPON 812/NMA/

DDSA!®
R/A ol —cXAp) Ap=1%) cAp=10%) c(Ap = 100 %)
150 3.18 < 10-® 0.266 1.95 x 103 1.95 x 10~
500 1.91 x 10-¢ 0.135 1.17 x 1073 1.17 x 10-%
3000 1.77 ~ 10~°¢ 0.124 1.08 x 10-* 1.08 x 10-%
5000 9.55 « 10~ - 5.88 x 10-3 5.88 x 10-%
6000 5.53 .« 10-° - 3.38 x 1073 3.38 x 10-°

2 Gives o1 — ¢) > 0.25.

The scattering at larger angles (still in the small angle region) is associated with
smaller heterogeneities. The excess scattering (above that due to thermal fluctuations)
indicates the presence of small (< 100 A) inhomogeneities in the materials. Again,
concentrations of gas bubbles in the range of 10~% would be sufficient to account for
the observed excess scattering, although the presence of other structural inhomogenei-
ties could also account for the scattering. If the densities of these heterogeneities
differ only slightly from that of the matrix (as Ap/p = 1 %), they could be present in
sizeable concentrations.

For electron microscope studies carried out using direct transmission on thin sec-
tions, heterogeneities in a 1000 A thick sample of epoxy would provide discernible




N eyl

. ‘T
‘it _ &

i
bl

|

94 ELECTRON MICROSCOPY AND SAXS STUDIES OF AMORPHOUS POLYMLRS

contrast only if they differed in density from the bulk by = 5-10°;. Examination of
table 2 shows, however, that heterogeneities differing from the bulk density by 10 °;
or more can only be present at concentrations in the range ~0.1°;, a range which is
much smaller than the concentrations indicated for the nodular features.

For studies carried out using electron microscopy of surface replicas, which repre-
sent the largest fraction of the observations of nodular features in epoxy resins, a
different question is posed by the present results. The volume fractions of hetero-
geneities seen in the electron microscope studies are consistent with the SAXS resuits
only if they differ in density by perhaps 1 ©, or less from the bulk. In light of the
modest differences in density between cured and uncured epoxy resins, differences in
density of | % or less in the cured resin seem not unreasonable. It remains to be
established, however, how regions with such differences in density become visible on
fracture surfaces. Certainly there is good reason for expecting regions of different
crosslink density in cured epoxy resins. What remains to be clarified is the relation
between such regions and the features seen in electron microscope studies. The
present SAXS results should be viewed as providing data with which any proposed
structural model must be consistent.

3. ELECTRON MICROSCOPE STUDIES

The SAXS results discussed in the preceding section cast strong doubts on the vali-
dity of the electron microscope observations which suggested the occurrence of nodular
structures as essential features of amorphous polymers. It seemed highly desirable,
therefore, to re-examine the structure of glassy polymers using the technique of high-
resolution electron microscopy.

Appropriately thin samples of PC, PET, PVC and PS were cast from solutions
using the same techniques as employed by previous investigators; the specimens were
viewed in both bright- and dark-field using a high resolution electron microscope
which provided magnifications of 500 000 . or more on the photographic plates
when desired.

For all four polymers, the structures were seen to be featureless down to the limit
of resolution of the electron microscope. Only the ** pepper and salt ™ structure
characteristic of electron micrographs taken at high resolution is seen. The “‘ pepper
and salt ™ structure observed is a result of the use of a finite objective aperture to limit
the amount of information (in the form of transmitted or scattered electrons) from
the object that is used to construct the image. If the object is considered to be an
array of atoms or molecules, then the convolution of the object with an Airy disc (the
aperture transform) will yield a blurred image of the array observed as the ‘“‘pepper
and salt " structure.

No evidence was found in either bright-field or dark-field for nodular features as
reported by others. The combination of featureless bright-field and dark-field micro-
graphs provides strong evidence for a highly homogeneous structure. Since PET was
the first polymer for which distinct nodular structures in the glassy state were reported,
and since the nodules in this material appear with greater clarity than those in other
polymers, it was decided to subject PET to even closer scrutiny. Several through-
focus series of micrographs were taken, a representative set of which is shown in fig. 4.
This series shows the absence of perceivable structure in the in-focus micrograph, and
illustrates how apparent structure can be developed in the micrographs by going to
cither an underfocus or an overfocus condition. The change in the scale of the ** salt
and pepper " noted with change in focus can be considered as an additional defocus
convolution with the original object,
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Fiii. 4, - Through-focus series of electron micrographs of PET showing the absence of structural
features when in focus and the development of apparent structural features when out of focus,
[To fuce page 94
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These results suggest that the fine-scale (<<20 A) apparent structure seen in some
previous investigations may simply reflect the use of electron microscopes of insufficient
resolution, or may result from the lack of proper focus in taking the micrographs.
Neither of these possibilities can be confirmed at present nor can alternative explana-
tions based on other effects, such as radiation damage from the electron beam or the
possibility that the observed nodules represent surface features of the polymers.

4. GENERAL DISCUSSION

The combined results of the SAXS and electron microscope studies suggest that
nodular features should not be taken as representative of the bulk structure of thermo-
plastic polymers. These findings are in accord with the results of recent light scatter-
ing and small angle neutron scattering (SANS) investigations of glassy polymers.
Among the former, Patterson'! investigated the effects of cooling on light scattering
from PMMA and PC. No evidence was found for an increase in the number density
or size of heterogeneities in the polymers as the temperature was lowered, as would be
expected for nodular structures as regions of local order.

Among the SANS studies, that of Benoit'? can be taken as representative. The
radii of gyration of eight molecular weight polystyrene polymers were found to be the
same, within experimental error, as those of the polymers in a theta solvent (where
the random coil is widely acknowledged as providing a useful representation of the
chain conformation).

The combined weight of all these studies, together with those cited in ref. (5), leads
to the conclusion that the structure of amorphous thermoplastics should be represented
by random array models such as the random coil, rather than by models such as the
nodule hypothesis, whose essence involves regions of locally high order. When
examined in detail, all the evidence advanced in support of such local-order models
seems subject to question. Even the observation of T}, transitions seems to involve
the interaction of the liquid with the braid on which it is supported, and cannot be
taken as unequivocal support for regions of local order. It is suggested, therefore,
that the controversy be laid to rest, and that attention be directed to more fruitful areas
such as the structural changes involved in crystallization and the structural differences
between surfaces and bulk material. ppasio- 773228
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Ihe similaritios and differences in the structare of polymer
plaswes and oxide glasses are revioewed, together with models

suggested to deseribhe structure on various scales, It is
supgested that randor array models scem to provide the best
descrintion of structure tor most plasses of both tvpes of
materials.  Also comnidered are the ersstallization and viscous
flow behavior of bhoth classes o materials, together with the
implivations ot the observed bohavior Tor their formation as
amorpions solids.  The role of the chain character of polvmer
[iquids in atftecting their kinetic behavior is considered, as
arv recent controversies concerning the microstructure of
partlv-crvstallized polvmers,

INTRODUCT TN

Ihe oldest known glasses are the Feo-alkaline earth-aluminesilicates returned trom
the lunar surtace, which have persisted in the glassy state for periods in the
ranve of a billion vears.  The tirst commercial glasses, of much more recent
origin, were alse silicate glassess and such glasses represent the dominant part
ot the plass industry to the present dav.  Prior to the twentieth century, when
one spoke of glass, he reterred to amorphous solids, generally comprising
silicates containing alkali and alkaline carth oxides, which were prepared by
melting at high temperatore followed by cooling from the liquid state,

buring the past 80 vears, it has beven found that glass formation is not restricted

to silicates, nor even te inorganic oxides,  Rather, glasses have been formed of

a wide range of materials, including polymers, salts, simple organics, water, 1
calchogenides, and even metals,  The technigues for forming pglasses alse cover a

very wide range, including splat cooling and laser tfilm melting, cvaporation

sputtering, fon implantation, thermal and anodic oxidation, chemical vapor

deposition, electrodeposition, hydration of gels, and exposure to radiation or

shock waves,  The varicties of techniques used to form glasses have recently been

summarized by Scherer and Schultz (1980), and will be discussed by Sakka (1980)

at this Conference,

fhe ease of glass formation on cooling a liquid ranges from Br03, which has ne
been crvstallized from a dry melt at atmospheric pressure atactic polvmers,
whivch cannot crystallize because of configurational constraints; and albite
(NAALST0g) which has been held for more than a vear at considerable undercoolings

without observable cryvstallization through the familiar silicate glasses of

industry which can be formed as amorphous solids on a scale of inches but not fect, 7
and materials such as polyethvlene terephthalate which will partially crystallize
in bodivs of even 1/8 inch thickness unless cooled rapidly; to materials which j

crvstallize unless cooled with great rapidity, including the widelv-investipated
metal allov glasses whose formation requires cooling rates in the range

iy :
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b -1 . N
107 K see , and which can therefore  be prepared as glasses only when at least
one dimension is small,

lhe present paper will be concerned with the two types of plasses of greatest
technological importance, oxide glasses and polyvmer glasses. Specific attention
will be directed to the structural features of both tvpes of glasses, to models
usud Lo represent the structures, and to the kincetic processes important in their
viscous tlow and crvstallization behavior vhich affect their ability to be formed

an plasses,

The thesis will be advanced that developments in both of these arcas have in many
respects proceeded atong parallel lines, with regrettably little interconnection
between them, and with regrettably Tittle communication between workers dealing
with the two classes of materials. [t is hoped that Conferences such as the

present one, bringing together workers from a variety of disciplines will promote

increased interaction and interconnection during the coming decades,

MODETS OF GLASS STRUCTURE

Amony the models used to represent the structure of glasses, the following have
received widest attention,  In ecach case, reference will be made to the carliest
or the classic deseriptions of the structure, with examples chosen trom both
polvmer and oxide glasses, 1t will be seen that models based on the same con-
ceptualization have been advanced to represent both type of glasses, apparently
independentiv.

Crvstallite Models

X-rav diffraction patterns of glasses penerally exhibit broad peaks centered in
the range {o which strong peaks are alse seen in the diffraction patterns of the
corresponding crvstals,  This is shown in Fig, 1 for the case of Sivs.  Such
ebhservations Jed to the sugpestion that glasses are composed of arravs of very
small crvstals, termed ervstallites.  The observed breadth of the diffraction
pattern of the plass was suggested to result from particle-size broadening, which
ccctrs tor sizes of coherently diffracting arrays smaller than about 0,1 um,

ln the case of oxides, this model was applied to both single=component and multi-
component plasses, with the structure in the latter case being viewed as composed
of crvstallites of compositions corresponding to compounds in the particular
wvstem,  In the case of oxide plasses, this model is most frequently associated
with Porai-Koshits (e.g., Valenkov and Porai-Koshits, 1936). Variations of this
nodel have been used by many others in the field of oxide glasses, In the case of
polvmer glasses, the model has received much less attention; although evidence
for regular inter-chain correlations has been suggested by several investigators,

=

Random Arrav Models

According to random array medels, glasses are viewed as three-dimensional arravs,
lacking svametry and periodicity, in which no unit of the structure is repeated
at repular intervals in three dimensions,  In the case of oxide glasses, the
suggested random arravs were networks of oxyvgen polvhedra, and the model is known
as the random network model.  This model is most frequently associated with names

of Warren (1937) and Zachariasen (1932).
Adopting the hypothesis that a glass should have an energy content similar to that
of the corresponding crvstal, Zachariasen suggested four rules for the formation

ot an oxide glass.  These are:

1. Each oxygen ion should be linked to not more than two cations,

innindittineibine
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Seray diffraction patterns From cristobalite, siltica pel and vitreous silica,
Atter Warren and Biscooe (1438),
In practive, the glass=tortiing oxveen polviedra are triangles and tetrabedra, and
cations forming such coordination polvhedra have been termed network formers, '
lans such as the ofRKalis aad alkaline carths, which provide additiongl oxvgen ;
fons te rhe structure and modity the character of the netwerk, are termed network 5
moditfices, -
Mtiough it s now recopnized that the similarity in internal enerpgy between
Piquid and vrvstal s not o eritival tactor in plass tormation (sec bholow), the
this basis has, as we shall see, rather wide “

structural madel advianced on
applicabilits,

Moditfication of the model is, of course, required for repions of composition where

the tormation ot a three=dimensional network is not pessible--c,p., the regions
vt the metasilicate compositions in alkali silicat. syvstoems where even the crystals
dare compescd of chains ot !s'in& tetrabedra, or the exciting new classes of oxide
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have been extended to represent the structure of nominally-glassy polymers, 1In
particular, the notion of paracrystallinity can be taken to provide a specific
embodiment of the approach suggested by the micelle or nodule views of glass
structure,

Structural Models Based on Five-Fold Symmetries

The existence in liquids of nearly regular coordination polyhedra which cannot
till space was suggested by Frank (1952) and Bernal (1959). In both casvs,
structural elements having five-fold symmetry were emphasized; and, indeed,

the syvmmetry of the coordination cells observed in hard sphere models of liquids
is predominantly pentagonal. In one view, the existence of such structures was
related to the suggestion that the evnergy of a molecular group may be lower for
some forms of the coordination polyvhedra which do not fill space than for any
space-tilling form.  Adcording to another view, the stabilizing iof luence fis

not energetic but entropic in origin, specifically being related to the eatropy
associated with the mixing of different polyhedra.

Models based on five=fold symmetry were used to desceribe the structure of Si0,
and alkali silicate glasses (eog. ., Tilton, 1957). According to this model, thie
structure is composed of pentagonal dodecahedral cages which cannot be extended
indefinitely in three dimensions without accompanying strainot the $i-0 bouds.
The present author is unaware of applications of five-fold symmetric units to
represent the structures of synthetic amorphous polymers, although they have
been emploved to describe biological macromolecules,

Meander Model

According to this model, the structures of amorphous polymers consist of bundles
of nearly straight chains which change their directions by the introduction of
pduche segments cooperatively arranged in gauche-areas.  In this way either
honeycomb or meander-like structures can be produced., The latter were suggested
as intuitively more probable (Pechhold, 1971). The typical radius of the meander
was suggested to be in the range of 50 A,

STRUCTURE OF GLASSES
Uxide Glasses

Early controversies between proponents of the crystallite and random network
models of oxide glass structure were generally decided in favor of the random
network model, based largely on the arguments advanced by Warren (1937, 1941).
From the width of the main broad diffraction peak for $i0z, e.g., the crystallite
size was estimated as 7-8 A, Singe the size of a unit cell of the corresponding
crystalline form is also about 8 A, any crystallites would be only a single unit
cell in extent: and such structures seem at variance with the notion of a
crystalline array. Further, in contrast to silica gel, there is no marked small
angle scattering from silica glass, at least down to the range of diffraction
angles shown in Fig. 1 above. This was taken as indicating that if crystallites
of reasonable size are present, there must be a continuous spatial network
connecting them which has a density similar to that of the crystallites.

Because of the wide acceptance of the random network model, it came as a great
surprise when electron microscope studies of a nugber of glasses indicated the
presence of heterogeneities on a scale of 50-200 A. The heterogeneities were
present in large volume fractions (in the range of 50%), and were seen in both
single component and multicomponent glasses, using both replication and direct
transmission electron microscopy. Because of the general acceptance of the random
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network model, most reviewers "knew'" that glasses vere random networks; and the
reports of such studies appear in publications such as the Pittsburgh Ceramist
(Hummel, 1957) and Industrial and Engineering Chemistey (Prebus and Aichner,
1954).

A rationale for the existence of two-phase structures in glasses as manifestations
of a process of liquid-liquid immiscibility was soon provided, Particular
attention was directed to a model of liquid-liquid phase separation by a continuocus
mode of transformation known as spinodal decomposition, rather than by the more
familiar mode of nucleation and growth. A linearized theory of spinodal decom-
position (Cahn, 1965) predicted the occurrence of interconnected microstructures--
i.e., microstructures in which both phasces are three-dimensionally interconnected,
Such structures were observed for compositions near the middle of a number of
miscibility _aps the flood gates were opened; and reports of two-phase or multi-
phase structures in glasses began to proliferate. bvidence for miscibility gaps,
both stable and metastable, were found in a large number of glass-forming

svstems; and it is generally recognized today that liquid-liguid phase separation
is a widespread phienomenon, the possibility of whose occurrence must be con-
sidered when treating the structure and propertivs of glasses,

The phenomenoloypy of phase separation in oxide glasses has been reviewed by a
number of authors (e.p., Uhlmann and Kolbeck, 1476, Vogel, 1977), Microstructures
consisting of discrete second-phase particles are gencrally scen near the bound-
aries of miscibility gaps (volume fractions of second-phasce material less than
15-207), while interconnucted microstructures are otften, but not invariably,
observed in the central regions of miscibility gaps.

[n many glass-forming svstems, cven more complex phasy arrays ¢an be produced

as a result of liquid-liquid immiscibility, 1t has been demonstrated, for example,
that a multiplicity of amorphous phases can be produced by appropriate heat
treatment of various compositions (Vogel, 1971), and that sccondary phase
separation is a phenumenon of potential importance in many glasses (v.g,, Scvward
et al., 1% 8a, and Porai-Koshits and Averjanov, 1968). The latter phenomenon
oceurs when on cooling a liquid, initial separation takes place into two phasces;
and on further vooling, one or both of the initial phases in turn separates into
other phases, at least for regions away tfrom the inter-phase boundaries.

Caution should be exercised in inferring the mechanism of phase separation from
the form of the observed structures. 1t has been noted, tor example, that
interconnected microstructures can be produced by the formation, growth and
coalescence of discrete second-phase particles, and that discrete-particle
structures can bu produced by i at treatment of interconnected structures {(Seward
et al., 1968b).

i1t has also been noted that ipclusion of the leading higher-order nonlinear terms
in the theory of spinodal decomposition leads to a breakup of the inter~connecti-
vity seen in the early stage, lincar treatment,

Recognizing the occurrence of phase separation, the issuc of present concern is
the structure of the individual phases in two-phase or multi-phase glasses. To
the present author's knowledge, there have been no studies which answer this
quest ton unequivocally. The success of the random network model in representing
the structure of both single component and single-phase binary glasses suggests,
however, that it should usefully describe the structures of the individual
phases in phase-separated glasses.

X-ray diffraction studies carried out during the past 10-15 years have establish-
ed that the random network model provides the best description of the structure
of a number of simple glasses, includiug 5i0,, GeO and a number of alkali

2
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silicates.  Experimental techniques were developed to eliminate problems associated
with Compton scattering and permit reliable data to be obtained out to large

values of sine/* (here is the diffraction angle and 4 is the wavelength).

Compton scattering is of particular concern for materials composed of lements of
tow atomic number, and hence for many of the important oxide glasses. In the case
ef By, e, at darge values of sin /-, the incoberent Compton scattering,

which vontains no structural intormation, exceoeds the coher. -t scattering by a
factor ot about tour,

In an alreadv-classic paper, Mozzi and Warren (196Y) used the tecnnique ot
tluorescence excitiation to eliminate the Conpton scattering and determine the
structure of glassy 8i0x. They found the random network medel to provide the best
representation ot the stracture; and they determined that tne esseontial structural
randomness of the glass resulted both from a variation in Si-0-5i bond angles,
which is notably broader than that of cristobalite, as well as trom g distribution
af roetation angles of one tetrahedron with respect to an adjacent tetraiedran,

In this and subsequent studies of plassy Si0 ) no evidence was tound tor whe
edpe=opposite=face orientatiors of tetrahedra which are commonly seen in cryvstal-

line silicates.,

In the case of Gen ), it was found (Chlmann and Wicks, 1979) that the distribution
of Ge=u=te anples Tn o the glass is nearly as sharp as that in the orvstal, It was
sugpested that the essential structural randomness of glassy Geop results from a
random distribution of rotation angles of one tetrabedron vith respect Lo an
adjacent tetrabedron,

Wicks and Uhlmann alsoe tound that the random network moded provided the pest
representation of the structure ot g husber ot single=phase alkall silicate
plasses.  Yome evidence was found, however, tor the pairing of alkali ions in
the structure.  Other evidence for paiving has been provided by other diffraction
studies of multicomponent glasses (sce the excellent review ot this and other
dapevts ot the structure of oxide glasses by Porai-Koshits, 1977).,

Othier workers have interpretoed diftraction data on these glasses using moditfica
crvstallite models (eug., Konnert and Karle, 1973). Strong support for the

random network model has, however, been provided hy a series of small angle X-rav
scattering studies (Weinberg, 19625 Plerre et al,, 1Y72; Renninger and Unlmann,
19745 Porai-Koshits et al., 1974). For hoth Si0, and Getlp, an asymptotic small
angle intensity is ohserved, whose magnitude is within a factor of 1,5 of that
predicted from thermodynamic fluctuation theory for thermal density fluctuations
frozen-in at the glass transition. These findings provide strong evidence against
the occurrence of crvstallites as the bhasic structural units of the materials,

An interesting question has arisen concerning whether the thermal density
fluctuations are in fact frozen-in at the glass transition, or whether one should
anticipate a change in the fluctuation scattering with decreasing temperature 4
below the glass transition. For a number of plassy polymers, Wendorff and . 1
Fischer (1973) found in an important study that the asymptotic scattering de-~
creased linearly with falling temperature below the glass transition,

In the case of $i0s, a beautiful investigation of this issue was carried out by 4
Porai-Koshits et al. (1974), who measurcd the asymptotic small angle XN-ray

scvattering from glassy $102 over a range from room temperature to lOO0°C. 1t was

found that the level of asvmptotic scattering was constant over this broad range

of temperature, indicating strongly that the thermal density fluctuations are

frozen-in at the glass transition., The origin of the difference in behavior

between polymer glasses and oxide glasses remains unexplained.

If the wide angle N-ray diffraction studies of 510 and Geu, glasses indicate
random network structures, how is ome to explain the electron microscope

fal
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observations! This issue was addressed by Seward and Uhlwmann (1972) who carried
out detailed electron microscope observations of glassy SiUa, It was tound that
heterogeneitics were only sometimes seen, and when seen, duﬁundud on the tech-
niques used to prepare samples for the electron microscope observations. [t was
suggested, theretore, that the original observations ot heterogeneities in the
single-phase glasses should not be taken as representative of the structure of
the materials,

In the case of BaOg, the structure does not scew to be composed of g random
network of Bo, triangles. Rather, a random array of boroxyl units wuas suggested
by Mozzi and Warren (1970), wvhile an array of wwisting ribbons of triangles
wvithout inter-ribbon correlations was suggestued by Funlevey and dooper (1976).

For all of the oxide glasses studied using modern diffraction and computational
techniques, the best representations of the structure are not provided by models
based on crestallites, micelles or nodules, paracrystals, or strectures having
five=fold svometries., Rather, the best descriptions of the structure scem to be
provided by random array models. At least in the case of lizt)), the random arrays
are of units larger than the basic structural unit of the material (BUJ triangle
Ihis may hold as well for other glasses, where the random network may consist ot
entities larger in scale than the fundamental units of the structure,

Polvmer Glasses

In the case of glassy thermoplastics, the structural model of 4 random coil
achicved wide acceptance, similar to that aceorded to the random networs aodel

in the vase of oxide glasses, This acceptance was based on a number of findings,
which have been summarized by Flory (1972). These includer (1) treatments of
models for ligquids of chain molecules strongly suggest that stales ot intermediate
order between that of a crystal and a liquid with only short range order have
higher free vnergy than the cryvstal or liquid; (2) dilution of a bulk polymer
changes the clastic modulus gradually, and by only a few percent for Jdilutions

as large as 200, in contrast to the rapid change with small dilutions expected for
initial packing of vhains to high density; (3) the close agreement of the mean
square chain leagth of the free chain determined from stress-temperature
coetlivients of bulk polvmer networks with those determined from the intrinsic
viscosities (evaluated for infinite dilution) of the same polvmers; (4) the close
apreement of the mean square chain length of the free chain determined from
cvelization equilibria in bulk and in solution, as well as trom intrinsic
visvosities; and (9) the similarity of thermodynamic interaction pardneters
cvaluated from vapor pressures and from chromatographic measurements.

Direct wide angle N=ray scattering studies of amorphous polymers date back to the
well=known investigation of Simard and Warren (1936) of natural rubber. It was
indicated by these workers that it was not necessary to make any specific

assumpt ions as to the mutual orientations of the chains in order to describe the
N-rav diffraction pattern and derived radial distribution function. A number

ot subsequent investigators applying wide angle X-ray diffraction techniques to
the determination of polvmer structures also indicated that no definite conclusion
could be made concerning the intermolecular chain packing, while some workers
sugpested that their data indicated the presence of frequently-occurring and
relatively sharp intermolecular distances (and hence some local ordering of the
vhains).

Consideration of the criticality of diffraction data at large sin /% for making
precise structural determinations of amorphous materials, the importance of Compton
scattering at large sin ¢/+ (which can exceed the coherent scattering by more tnan
an order of magnitude in case of the hydrocarbon polymers) and the fact that the
techniques used in these investigations did not satisfactorily eliminate or
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thermoplastivs should be regarded as random amorphous arravs, with small concen-
trations of heterogencities superimposed on thermal density fluctuations frozen-
in at the glass transition.

Similar observations of heteropeneities fave been made for thermosctting polvmers,

Heteropeneitios, generally on a scale of 50=3000 A and present in large volume

tractions, have been observed in transmission clectron microscope studies of a

number of vured epoxy resins.s Among sueh studies those of Koutsky and his co-

workers (1979, ¢oply and of Morgan and 0'Neal (1979, c.p.) have provided the most

lear=cut evidence for the presence of structural inhomogeneitics,  The former ‘ »

workers used replica electron microscopy aond observed heterogeneitios (which they

termed nodular structures) on free surfaces, fracture surfaces and etebed surfaces

ot oepoxy resios of widely diffecent cures and chemistries. Further, the hetero-

detcitios were reported to align in the direction of crack propagation (perpendi-

calar to the crack front) on fracture of the epoxy specimens. The sizes of the

Heterowencitics sven in these studics were generally in the range of 100-300 A,

Horgan and ¢'Neal used both replica and direct-transmission electron microscopy as

woell oo scapting electron microscopy to characterize the structural featnres of
voresins. thev reported heterogeneities on a number of scales, with particies

no-a0 X in diametor suggested as intramolecularly crosslinked molecular domains

which could intercomiect to form larger network arravs.

[l

A recent small anele N-rav oscattering study of three epoxy resins (Matvi ot al.,
T80 indicated the Presence of heteropeneities, with the largest concentrations
in the range about 150 A In size. If the densities of these heterogeneitios
Jirfer onlv sliehtly from that of the matrix, as expected for epoxy resins, thev
could be present io large concentrations.,

These observations scemed at variance with the original model of npetwork structure
(Florv, 1933) which predicted that a polvmer actwork would be homogencous with
crosstinks distributed throughout the material. More recent theorctical stodies
of network formation {e.g., Solomon, 1967) have suggested that the formation of
inhomogencities should be a frequent if not generally expected occurrence in the
svnthesis of networks.  Regions differing in crossiink density wvere sugpested to
be Tormed in the polvmer, with their extent depending on the chemistry of the
svstems and the polvmerization conditions.

Recent wark in cur laboratory (DI Filippo ct al., 1980) has shed new light on the
question.  Epon 828 epoxv resins were cured with triethvlencretriamine (TFTA)
following two approaches:  the first, the samples were mixed and cured at a single
clevated temperatures in the second, the samples were mixed and allowed to stand
at room temperature prior to curing at the clevated temperature.  Transmission
viectron microscopy of microtomed and stained samples of these cpoxies, using the
technique of 7 contrast, indicate a homogencous structure for the samples which
were not held at room temperature, and a homogeneous microstructure, with hetero-
gencities on a scale of 100-200 A, for the samples which were held at room tem-
peralure prior to curing.

These results provide striking support for the original suggestion of Florv., The
development ot heterogeneities seems to he associated, not with general conditions
of network formation, but rather with a phase separation process which viclds
regions with different concentrations of the curing agent at room temperature. (n
subsequent reheating, these regions do not go back into solution hecause of the
development of some crosslinking during the room temperature haold; and hetero-
geneous structures are praduced during the cure.

As indicated by this discassion, the phenomenon of phase separation, which took
the field of oxide glasses by storm in the late 1[950's and carlv 1960's, alse has
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its analogue in the case of polvmers, where it has long been recognized. Before
discussing this in detail, it is important to recognize that even simple polvmers
represent rather complicated solutions. That s, they consist of molecules having
different chain lengths (different molecular weights). In addition, most commer-
cial polymers contain modest to significant concentrations of various additives
such as heat stabilizers, ultraviolet stabilizers and process aids.

L When two different polvmers are mixed, homogeneous phases such as occur widelv in

metallic and oxide svstems are seldom formed. In most cases, mixtures of

polvmers are characterized by immiscibility. The change in entropv on mixing 4
long chain polvmer molecules is generally quite small. Since the enthalpy of

mixing is generally positive, it Is therefore not surprising that most chemically

different polvmers do not mix.

The standard thermodvnamic theory for the mixing of polvmers is based on the
classical Flory-Huggins theorv (see Florv, 1953). More sophisticated theories of
polvmer solutions (e.g., Flory, 1965) have been developed and applied to the
calculation of phase diagrams for polvmer mixtures.

When the different polvmers are covalently honded to each other as in block
copolvmers, the thermodyvnamics of phase separation required modification. Des-
criptions of the thermodvnamic of such svstems have been developed by a number of
investigators (e.g., Krause, 1970): and the understanding and control of micro-
structures in copolvmer svstems are areas of considerable activity at the present
time.

The general incompatibilitv of different polvmers prevents the preparation of
useful blends when the phase separation is macroscopic, but polvmers having
notablv improved properties (e.g., impact resistance) can be obtained when the
phase separation occurs on microscopic or submicroscopic scale. In the case of
block copolvmers, the scale and form of the separated structures can be varied
bv changing the lengths of the blocks and the thermal and chemical histories of
the samples.

The morphology of phase-separated polvmers often takes the form of spherical
particles of one phase embedded in a matrix of a secoad phase. Other morphologies,
specifically cvlinders and lamellae, are observed with increasing volume fraction
of second-phase material. In addition to changing morphologv by changing com—
position, the morphologyv of two-phase block copolymers can also be changed by
changing the casting solvent as well as by thermal historv. The effect of

solvents on the morphology can be associated with the solvation power of the
solvents for the repsective blocks.

The structural features of heterogeneous polvmer svstems have been summarized by
several authors (e.g., Shen and Kawal, 1977). Evidence for interconnected micro-
structures, such as those often seen ln the central regions of miscibility gaps
in oxide svstems, have heen reported in some instances (e.g., Smolders et al.,
1971); but these are relatively rare in polvmer systems.

S CRYSTALLIZATION AND GLASS FORMATION

It is recognized bv all at this Conference that the occurrence of glasses is a
widespread phenomenon in both oxide and polymer systems. It s customary in both o
these fields of technologv to speak of glass-forming and non-glass forming
materials, where reference is implicitlv made to the ease of cooling liquids in
bulk form to produce amorphous solids.

3 It has been noted, however, that nearlv any liquid will form a glass {f cooled
- sufficlently rapidly, and will form a crvstalline or partlv cryvstalline bodyv if
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cooled sufficiently slowly., On this basis, it was suggested (Uhlmann, 1972a) that
the question to be addressed in considering glass formation is not WHETHER a
Liquid will form a glass but rather HOW FAST must the liquid be cooled in order
that detectable crvstallinity be avolded.

Among the few cases where the rate of cooling is not significant in the formation
of a glass are the atactic polvmers, whose lack of stereo-regularity along the
chain imposes configurational constraints on their ability to crystallize. While
such polvmers mav form liquid crvstalline arravs, particularly when highly
oriented, they will not develop three-dimensional crystallinity no matter how
slowly they are cooled. For stereoregular polymers, on the other hand, the
importance of cooling rate is similar to that for oxides and other materials when
considering glass formation.

In estimating the minimum cooling rate required to form a glass of a given material
(termed the critical cooling rate), several kinetic treatments have been advanced.
The most general of these, based on the treatment of crystallization statistics
(Hopper et al., 1974), provides a detailed description of the state of cryvstal-
linity in a bodv, and can describe phenomena such as crvstallization on reheating
a glass and the effects of nucleating heterogenecities on glass formation (see,
¢.g., Onorato and Uhlmann, 1976, and Onorato et al., 1980).

Bv applving the kinetic treatment to a variety of materials, both organic and
inorganic, it has been found that glass formation is favored by a large viscosity
at the melting point (found for manv good oxide glass-formers), a large rate of
increase of viscosity with falling temperature below the melting point (found for
many good organic glass-formers), large crystal-liquid surface free energies and
hence large barriers te crvstal-nucleation, the absence of potent nucleating
tetercgeneities and the requirement for appreciable solute redistribution for
crystallization to take place. Derived from these findings are suggestions that
glass formation is favored bv a large entropy of fusion, by a large value of

T /T, (glass transition temperature/melting point}, bv formulations which include
sqzdﬁle concentrations of fluxes (c¢c.g.., PbQ, FeO) in the case of oxide melts and
the relative absence of "crud” in polvmer melts, bv superheating the liquid prior
to cooling, and bv formulating the liquid as a "garbage dump" of ingredients in
the cases where phase separation can be avoided.

VISCOUS FLOW BEHAVIOR

Since the formation of glasses depends so critically on the kinetics of crvstal-
lization relative to cooling rates, and the kinetics of crvstallization in turn
depend on the viscosity, it seems useful to compare brieflv the viscous flow and
crvstallization behavior of oxide and polvmer liquids.

Oxide Liquids

Under most experimental conditions, the viscosity of nxide liquids is Newtonian in
character, with the viscosity being 1ndepondent of stress. In the range of very
high stresses, in the range of 109 d\ntﬁ/(m ., as the glass transition is approached,
the viscosity is observed (e.g., L1 and Uhlmann, 1970a) to decrease with increas-
ing stress or shear rate (shear thinning behavior).

For small compositional changes near the end-member network oxides (as S10, and
Ged,), there is a strong effect of composition on the viscosity; and even
adveéntitious Impurities such as H,0 can have a significant effect. For complex
multicomponent liquids on the othér hand, more modest-effects of compositional
changes are observed; and adventitious impurities generally have only minor effects
on viscosfty.
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WU respect o e variation of viscosity with temperature, most oxide liguids
<how provounced curvature in the overall log (viscositv) vs, /7T velations,  in
st cases, the behavier at high temperatures seems well represented by the free
volume medels and a recent development by Grest and Coben (1979) indicates that
4 modified trec volume model can represent the viscosity over the full range of
temperature, although the model has te date been applicd primarily to simple
Liguids,

The onlv known except ions for anv liguids to the observation of curved low
(viscosity) ve, VT pelations over a wide range of viscosity are the "perfeet”
tetrahedral network lignids, Sio,, Ge0, and albite.  As shown in Fig. 4, the
viscositv=temperature relations for all of these materials indicate Arrhenian
hebavior over the foll ronge of measured viscosity.
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Phase separation can have a4 considerable of fect on viscosity.  The detafled re-
Tationship between viccosity and phase separation is expected to depend on the
viscositivs of the individual phases, the nature of the dffuse interfaces between
the phases, and the size seale and volume fraction of the separated phases.  For
phasce-separating svstems, the measured viscosity can be strongly time dependent.
For example, the viscosity of o sodium bereosilicate glass at a temperature Jon Y
befow the immiscibhitity temperature has been reported to increase by five orders
of magnitude over a period of 10" min., (Simmons et al., 1970). 1In addition,
variations in the kinetics of phase separation with temperature can lead to the
unusual result of the visvosity increasing with increasing temperature (Li and
Uhimann, 1970h),
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Polymer Liquids -

The motions involved in the viscous flow of polvmers involve segments of the
polyvmer chain.  The viscous flow behavior is non-Newtonian in character (shear
thinning) at even modest stresses or shear rates, but Qs Newtonian at sufficient-
Iv small shear rates. The usual non~Newtonian behavior is associated with the
eftects of chain entanglements (e.e., Bueche, 1967): but a tully satisfactory
description of these effects remains to be provided.

There is a pronounced effect of the molecular weight on the viscosity of polvmer
liquids, For polvmers of suftficiently high molecular weight, the viscosity in

the flutd range increases approximately as M3", where M ois the weight averape
motecular weight. At temperatures approaching the glass transition, the molecular
weight affects the temperature dependence of the viscosity rather than ti
viscosity ftselfy and the glass transition temperature is appro imately indepoen-
dent of molecular weight above some modest molecular weisht,

The temperature dependence of the viscosity at Jow shear stresses in the tluild
range seems woll described by a free volume model.  The compesitional dependence
of the viscosity, ceven near end-membor components, is not so dramatic as in the
case of oxides.  Free volume concepts provide a reasonable deseription of the
effects of cemposition, although cxcess entropy treatments have also provided
useful insights.  The viscosity of both ~ingle~compenent and multicomponent melts
is strongly affected by the molecular architecture of the chains (sve, vog..
discussion in Bucche, 1967),

When oxide and polvmer liquids are compared, the good oxide glass formers are
penerally characterized by higher viscositivs at their melting points than polvmer
Yiguids; while vrvstallizable potvmers which readily form classes usually have a
higher rate of inc se in viscosity with falling temperature below the melting
point.

Oxide Ligquids

As Tirst suppested by dackeon (1953) 0 the entropy of fusion s of great importance
in considering the crvstaltization and melting behavior of materials.  As noted

by Uhlmann (19720, Tow entropy of fasion materials (8,,<2R) have non-faceted
interfaces in hoth crvstallization and melting: the crvstallization kinetics are
tareely isotropic; the fraction of preferred growth sites on the ervstal-liquid
interface is independent of undercooling and superheat: the kinetics are well
described by the normal erovth model; defects do not significantiyv affect the
poand the ervstallization and melting data are continuous with similar

Kimetic
slope through tne melting point

Tn contrast, high entropy of fusion materials (‘S >4R) have facceted interfaces in
crvstallization and non=facceted Interfaces in melting: the eryvstallization
kinetics are anisotropivcy the fraction of preferred growth sites on the intertace
increases with increasing undercoolings; for most materials, the details of the
crvstallization kineties are not well described by anv theoretical model, although
growth bv some form of a surface nucleation mechanism is indicated in manv cases;
defects are important in growth: and melting is more rapid than ervstallization

at given small departures from ecquilibrium,

Of particuiar note for compariag the crvstallization hehavior of oxides and

polvmers, it may be observed that spherulitic growth morphologies are observed in
the crystallization of high entropy of fusion materials under conditions of high
underconling and in the presence of impurities. Under conditions where the melt
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contains concentrations of impuritics in the raage of several percent or more,
the crvstallization kinetics become dominated by diffusional processes, and
dendritic growth morphologies are observed.

Also of particular note, the frequency factor for transport at the crvstal=liquid
intertface has been found to scale with the melt viscositv,  In detail, the
coeftficient relating these two quantitics is larger than that given by the
Stokes-bEinstein relation by about a tactor of 10, The observed relation between
the kinetic coefficient at the interface and the hulk viscosity Is consistoent
with the reconstruction of the structure at the interface invelving molecular
rearrangements whicn are similar to those involved in viscous flow {see discassion
in Uhimann, 1972b).

Polvmer Tiquids

The entropy of fusion of polvmer liguids is high according to Jdackson's criterien
(lackson, 1938).  For tvpical flexible chain polvmers, consisting of a distribu-
tion of malecular weishts, spherulitic growth morphologies are observed under
almost all aniescent ervstallization conditions. For polvmers, as Tor oxides,
there is need for g model to deseribe spherulitic growth.  The treatment which
has been most widelv used in the polvmer ficid, based on interface fnstability
due to constitutional supercoolting, predicts in detail the wrong dimensions of
the substructures of the spherulites.

When Flexible chain polvmers are crvstallized onder conditions of flow, so-called
rovw nucleated structures are produced. These structures consist of stacked
Lamellar plates, oriented perpendicular to the direction of flow, which have been
Fikened to shish kebob structures.,

The more familiar spherulitic struvtures consist of radiating arravs of lamellar
plates, tvpicatly about 100=-200 A in thickness (much smaller than the sizes of
the radiating structures in oxide spherulites).  These plates are separated by

an amorphous phase, which tvpically oceupies about half the volume of the
spherulite (also in contrast to oxide spherulites, which generaliv are complete-
Iv crvstatline).

The lamellar plates in polvmer spherulites of ten branch as thev grow.  The
branching is asually low-angle and nen-crvstallographic.  Twisting of the plates,
very Tikelv associated with stresses at their surfaces, is also observed.  (n
addition, there is a contral region of the spherulites whose character is
different but inadequately characterized (where the original nucleation toek
placed. Finallv, there are additives such as stabilizers and process acids,
which arc found principally in the amerphous regions and inter-spherulite
boundarivs, and of particular interest at the present time, there are so-called
tic molecules which bridge between adjacent crvstal plates.  Fven a simple semi-
crestalline polvmer like polvethviene is thus a rather complicated composite
material.  For further information on polvmer spherulites, sce Sharples (1966),
Mand lekern (1964 and Thlqann and Kelbeck (1973

The polvmer motecules in the ervstal Tamellar are oriented perpendicular to the
tlat faces of the plates; and since the molecules are usually much longer than
the plate thieckness, it has been suggested that the melecules fold back and forth
during crvstallization.  The nature of this folding bas been suggested by manv
guthors to take place with adiacent re-entrvy jf.e., the polvmer chaln re-enters
the plate adjacent to where it exited (e.g., Hoffman, (964},

An atternative view of the structure of the lamellar plates was provided by Flory
(19531}, who sugpested a model for the surfaces of the plates which resembles a
telephone switchbhoard, with little adjacent re-entrv, much re-entry to a given
plate at pesitions removed from the exit point, and manvy interconnections between

H
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lamellae. The differences between these views of the structure of the lamellae -
k. plates in melt crystallized flexible chain polvmers are shown schematically in
Fig., 5.

’
<
.
3
. Figure 5
Schematic {llustration of lamellar plates in semi-ervstalline polyvmers. Top
figure shows switchboard model; bottom figure shows model of adjacent re-entry
* folding.
N
Md
In many parts of the polvmer communitv, the model of adjacent re-entry foldin »
J P P J 8
was accepted almost as the word of God revealed to man. This acceptance was
1.? based on the basic simplicity of the model and on suggestions such as the surface i
A energies of folded-chain adjacent re-entrv configurations are smaller than
¥ d switchboard configurations. This was deemed noteworthv since the model for
u growth involved a surface nucleation mechanism with the critical nucleus a single
i chain segment extending acrouss the crvstal face and folding. i
iy
v Serious objections were, however, raised bv some workers to the model of adjacen
{ Ser{ b i h ised by k th del of adj t
- re-entry folding. The most extensive and wide-ranging series of investigations
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in this regard were carried out by Mandelkern and his co-workers (sce summary in
Mandelkern, 1976). Calvert and Uhlmann (1972) suggested a different model for
the growth nucleus, and suggested that YA surface structure resembling a
switchboard would then be expected, possibly a switchboard with many of the lines
hanging out.”

For many workers, however, the results of small angle neutron scattering studies
of semi-crystalline polymers such as polvethvlene came as a surprise if not a
shock.  These studies (o . Sadler and Keller, 1977; Summerfield et al., 1978;
Schelten et al., 19765 Lieser ¢t al., 1975) indicated radii of gyvration of the
vrystallized polvmers which are closelv similar to those in the melt and in a 8
solvent. Further, detailed calculations of the scattered intensitv by Yoon

and Flory (1977, 1980) indicate that the measurced scatteriog is inconsistent with
the model of adjacent re-eatry folding and indicates an average distance between
re—entey points of some 5 or 6 chain diameters.

v

It was sugpested, therefore (Florv and Yoon, 1978), that during the crvstalliza~
tion of a flexible chain polvmer from the melt, segments of the chains of about
1wo~200 % in length can rearrange into crvstalline arravs.  The residual amorphous
material, which would be highlv entangled, is then trapped in the regions between
the individual crvstalline plates. Suweh a process would produce a switchboard
tvpe of structure with a large number of tic molecales bridging the lamellae
plates and with a high degrev of chain entanglement in the residual amorphous
phase.  Similar conclusions were reachied by dalvert and Uhlmann (1972) based on
calceulations of crvstallization kinerics and lamellar thicknesses.  The con-
clusion of both these studies, as well as the work of Mandelkern cited above,

is that there {s insufficient time during vrvstatlization for the chains to
Jisentangle and lav down on the interface as required for adjacent re-entry
folding. The scale on which the chain sepments can diffuse (rearrange) and form
regular arravs is caleulated as about 100-200 AL

Implicit in these vatealations is the assumption that transport at the interface
van be related to transport in Lulk THquid and will scale with the viscosity.,  As
noted i the previcus sceetion, this assumption has been amply documented for
oxide Tiquids; and the vase for scaling seems ceven more persuasive for entangled
polvmer liquids,

To attempt to escape trom the implications of the structural view presented above
in its kinetic aspects, some proponents of the adjacent re—entry folding model
have suggested that the relation between the interface kinetic coefficient and
the viscositv does not hold tfor pelvmers. Evidence tTor this has been suggested
to be provided by the obscervation of apparently amorphous pol.ethyvlene crystal-
lizing In redasonable times at temperatures below its glass transition (Jones et
atl,, 1979,

Te is significant In this resard that the apparently amorphous poelyvethylene was
produced under conditions (casting from solution) where the possibility of re-
tained solvent is real.  The situation is similayr to that familiar to the oxide
whass community,  Recall, for example, experfence with glassv Ce0,, whose glass
transition temperature Is above 500°C but which will develop rrys?al]lnity at
room temperature in reasonable periods when vxposed to a lab atmosphere.  The
explanation in the latter case seems Lo be associated with crvstallization by a
solution-recrystallization process Involving water adsorbed from the atmosphere;
and a4 similar process involving solvent is sugpested for the results on
polvethvlene.

Finallv, it should e noted that the question of adjacent re-entry folding has
not vet been completelv resolved. Proponents of  uch folding now suggest that
their model mav not he appropriate for the rapidiv-quenched polvmers examined
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in the small angle neutron scattering studies (the onlv samplies for which such
data are available), but that adjacent re-entry folding remains the dominant
mode of cryvstatlization under less-rapid soliditication conditions.

CONCLUDING REMARKS

Ihe formation and structure of polvmer and oxide glasses have been considered.

It has bueen noted that the structural characteristics of polvmer glasses and
axide glasses have many close similarities.  Similarities are also scen in the
models used to represent structure, and even in the occurrence of controversies
with respuect to the existence of ordered regions as representative of the bulk
materials. o both tvpes of glasses, the occurrence of phase separation is an
important phenomenon to he copsidered in considering structural features of multi-
(\‘!!l]‘ﬂl\k‘lll EEANEE S HE

For both tvpes of glasses, controversies concerning structural features seem to

be largely resolved; and the structures seem bhest described by random array models
such as the random network or randon coil., The random array may, however, consist
of structural units lareer than the basic units of the material.

e formation of plasses troa tiguids of cither tyvpe invelves cooling at a

SLoG leient rate that deteetable ervstallization is not preduced,  The chain
character of polvmer melts and o Tevel of chain entanglement in these melts
lTeads to nen=Newtonian viscens tlow behavior and highly complicated crvstalliza-
tivn microstructures.  the best model for melt crvstallized flexible chain
polvmers involves lamedlar plates, Too=200 A in thickness, with many molecules
briduing adjacent plates, many molecules Teaving a piven plate and re-entering
the plate some distance awas, and many chain entanglements in the amorphous phase
Setween the Mlates. fhis model remains the source of some controversy at presenty
cro OI9759y, however, "althouph nebody can win them all,
atehers are placving their bets.

dsonoted by Stockn
expericenced Florv-

Pt ois supggested that the kinetic coetficient for transport at the crystal-liquid
intertace can tor tvpival oxides and polvmers be redated to the bulk viscosity,
and that caleutations ot crvstalliczation kinetics based on relations between
these two quantitics can be used in caleulating the cooling rates required to
Yorm o lasses of the respective materials,

Finally, in licht of the abundant evidence of similarities in concepts, suggested
structures .and phenomena for the different classes of matevrials, it is hoped that
the voming Jdecades will see increased interaction between workers in the

polvier and oxide wiass communitivs, It is expected that such increased inter-
action witl “icld appreciable benefits for both communitivcs.
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Structure of Glassy Polymers. VII. Small-Angle
X-Ray Scattering from Epoxy Resins*

R.J. MATYIt and D. R. UHLMANN, Department of Materials Science and
Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139 and J. A, KOUTSKY, Department of Chemical
Engineering, University of Wisconsin, Madison, Wisconsin 53706

Synopsis

The small-angle x-ray scattering (SANS) from an Epon 812 and two Epon 828 (one amine-cured
and one anhvdride-cured) epoxy resins has been measured using a Bonse-Hart system.  The data
cover the angular range (2¢) between 20 sec and 60 min.  After correction for absorption, background
and vertical beam divergence. they have heen placed on an absolute basis by comparison with the
scattering from a previously studied polyearbonate sample. The corrected absolute intensity de-
creases strongly with increasing angle between 20 sec and 2 min, decreases more gradually between
2and 20 30 min, and reaches a nearly constant asymptotic value at larger angles.  The magnitude
of the intensity in the constant-intensity region is close 1o the value predicted by thermodynamic
tluctuation theory for fluids applied at the glass transition temperature. The increase in intensity
at angles smaller than 20-30 min is associated with heterogeneities in the cured resins.  These het-
erogeneities cover a range of sizes in all samples, from less than 100 A to more than 1000 A, with the
most frequently oceurring size in the range 100- 200 A

INTRODUCTION

The structures of five glassy thermoplastics—polycarbonate, poly(methyl
methacrylate), polv(ethyvlene terephthalate), poly(vinyl chloride), and poly-
styrene— have so far been examined using small-angle x-ray scattering (SAXS).
In each case.! 7 the measured intensity at scattering angles (20) greater than
10-40 min approaches or reaches the asymptotic value expected for thermal
density fluctuations frozen-in at the glass transition. At smaller angles, the
intensity increases strongly with decreasing angle. The increased scattering
at very small angles was associated with small concentrations of large (several
hundred to several thousand A diameter) heterogeneities. These heterogeneities
were suggested to be extrinsic to the polymer (air bubbles, dirt, process aids,
etc.). -

The data obtained in these studies arc at variance with previous claims of
nodular structures in the polymers. Specifically, the measured intensity is in-
consistent, both in magnitude and in its variation with scattering angle, with the
presence of nodules as representative of the bulk material. Subsequent electron
microscopy studies ¢n four of the glassy thermoplastics have yielded results
consistent with the SAXS data and indicate the general absence of microstruc-
tural features down to sizes approaching the resolution limit of the electron
microscope.

* Based in part on a thesis submitted by R.J.M. in partial tulfillment of the requirements for the
M.S. degree in Materials Science, MI'T, 1976.

* Now with Northern Petrochemical Co., Morris, 11..

Journal of Polvmer Science:  Polymer Physics Edition, Vol. 18, 1053 1063 (1980)
< 1980 John Wiley & Sons, Inc. DOYB-1273/80/0018-10H3501.10
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While most of the controversy surrounding the existence of nodules has cen-
tered about thermoplastic polvmers, manv studies have been conducted on
network-forming thermosetting polymers as well. The original simple model
of network structure® predicted that a polymer network would be homogeneous
with crosslinks distributed throughout the material at random. More recent
theoretical studies of network formation (see e.g., refs. 7-9), employing more
sophisticated mathematical treatments, have shown that the formation of in-
homogeneities should be a frequent if not generally expected occurrence in the
svnthesis of networks. In many systems, the chemical reactions are diffusion
controlled and are not carried through to completion; and heterogeneous
structures can be produced. More generally, regions differing in crosslink density
can be formed in the polvmer, their extent depending on the chemistry of the
svstem and the polvmerization conditions.

Heterogeneities, generally on a scale of 50-3000 A and present in large volume
fractions, have been observed in transmission electron microscope studies of a
number of cured epoxy resins (see e.g., refs. 10-16). Among such studies, those
of Koutsky and his co-workers!>!¥ and of Morgan and O'Neal!? 1% have provided
the most clear-cut evidence for the presence of structural inhomogeneities. The
former workers used replica electron microscopy and observed heterogeneities
(which they termed nodular structures) on free surfaces, fracture surfaces and
etched surfaces of epoxy resins of widely different cures and chemistries. Fur-
ther, the heterogeneities were reported to align in the direction of crack propa-
gation (perpendicular to the crack front) on fracture of the epoxy specimens.
The sizes of the heterogeneities seen in these studies were generally in the range
of 100-300 A.

Morgan and O'Neal'! !¢ used both replica and direct-transmission electron
microscopy as well as scanning electron microscopy to characterize the structural
features of epoxy resins. They reported heterogeneities on a number of scales,
with particles 60-90 A in diameter suggested as intramolecularly crosslinked
molecular domains which could interconnect to form larger network arrays.

Because of the similarity of these observations to those reported previously
for thermoplastic polvmers, the widespread nature of reported heterogeneities
in cured epoxy resins, and the potential importance of such heterogeneities for
affecting the properties of the resins, it was decided to undertake an examination
of crosslinked epoxy resins using SAXS. The epoxy resins were crosslinked with
both amine and acid anhvdride curing agents.

EXPERIMENTAL PROCEDURE

Three cured epoxy resin systems were examined in this study. Two of the
systems were based on the diglycidyl ether of bisphenol-A (Epon 828, Shell
Chemical Co.); the samples were cured with triethylenetetriamine (TETA) and
nadic methyl anhvdride (NMA). The Epon 828/NMA system was catalyzed
by the addition of 1% benzyl dimethylamine (BDMA). The third system was
hased on the triglycidyl ether of glycerol (Epon 812, Shell Chemical Co.) and was
cured with dodecenyl succinic anhydride (DDSA), NMA, and BDMA. The
details of the curing agent concentrations, cure times, and cure temperatures
are shown in Table I. The Epon 828 samples were mixed by hand for 5 min and
vacuum degassed for 10 min before curing in a preheated air oven using the
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TABLE [

e Composition and Cure of Sample Systems
Concentration Time and
k Epexy resin Cure agent (phr)* temperature
- Epon 828 TETA 12.0 45 min at 25°C
L 4 days at 100°C
Epon 828 NMA 93.9 3 hrat 126°C
DDSA 6.9 14 days at [75°C
Epon 812 NMA 74 3 hrat 70°C
DDSA 24 24 hr at 130°C
BDMA 2

a Parts per hundred of resin by weight.

temperatures and times given in Table I. The Epon 812 sample was mixed by

hand for ten minutes, poured into silicone molds, and allowed to stand for twenty
3 minutes to eliminate large bubbles. They were then cured as indicated in Table
e I. This procedure is identical to that used in preparing the Epon 812 samples
in which nodular structures were seen in the electron microscope.!?

Thin (ca. 0.25 cm) sections were cut from the cured samples and were polished
with alumina powder for SAXS examination. The SAXS data were collected
using a Bonse-Hart small-angle x-ray scattering svstem (Advanced Metals Re-
search, Burlington, Mass.). The system was used with CuK,, radiation and
emploved pulse height analysis of the output of a scintillation detector. The
diffraction geometry, described in detail in ref. 1, permits reliable data to be
obtained at scattering angles as small as 10-20 sec.

The data were taken at 10 sec intervals over the range 20 sec <20 < 1 min, 60
~ sec intervals over the range I <2/ < 6 min, 3 min intervals over the range 6 <26/

< 30 min, and 6 min intervals over the range 30 <2/ < 60 min. For 20 < 6 min,
the sample scattering and the background scattering were measured in succession
at each angle. For 2/ > 6 min, a master background curve was constructed after
several counts had been made at each value of 2. Selected background counts
performed during each run were used to scale the master curve for values of 2
> 6 min. A scan of the main beam from —20 to +20 sec was conducted before
each run to identify any variations in tube intensity.
Prior to each run, the sample absorption e ~4! (where t is the sample thickness) 4
i was determined bv measuring the main beam intensity with the sample in place
- and then counting the beam with the sample removed. For all samples, ¢ ~¢!
' was between 0.32 and 0.43. The scattered intensity I at an angle 26 was then
corrected for background and absorption using the relation )

I=d,~Nye-ut + N -1, ) ﬂ

e
-
&, where [, is the scattered intensity at an angle 26 with the sample in place. [ is
3
*

o

the background intensity at the same angle, and N is the system noise level.
The experimental intensities were corrected for slit smearing effects by the
method described by Renninger et al.! This desmearing procedure. based on
: an iterative deconvolution process, is valid if the sample is isotropic and if the
‘ horizontal divergence of the beam is negligible compared to the vertical diver-
‘.-",1 gence. Both assumptions are warranted in the present study due to the nature
' of the material (epoxy resins cast in bulk) and the geometry of the Bonse-Hart

system (see discussion in ref. 1).
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The desmeared data were put on an absolute basis through a comparison with
the desmeared scattering curve obtained from a well-characterized sample of
polyvcarbonate, {Lexan, General Electric Co.), for which absolute intensity data
were available.! The desmeared polycarbonate curve obtained in this study was
in excellent agreement with that obtained previously! except for a constant

- multiplicative factor Rpe. The SAXS data were thus normalized and placed
on an absolute basis with the relation

Rem = R‘l‘(‘(smn/' e (2)

where R, 1s the sample normalization factor, and { p¢ and ., are the thickness
of the polycarbonate and epoxy samples. respectively.

RESULTS AND DISCUSSION

Figures 1 3 show the observed variations of intensity with scattering angle
tal .
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for the Epon 828/TETA, Epon 828/NMA., and Epon 812/NMA/DDSA systems,
respectivelv. The desmeared absolute intensity SAXS curves obtained from
the three epoxy resin systems are shown in Figures 4-6.

The desmeared scattering curves for the three epoxy systems are qualitatively
similar to those obtained from other amorphous polymers. In the angular range
20 sec < 2 < 2 min, the epoxies all display a sharp decrease in scattered intensity.
The intensity continues to decrease, but more slowly, as the scattering angle is
increased beyond 2 min. Both of the Epon 828 samples show a pronounced

108

T T T 1 ST
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Fig. 4. Variation of absolute SAXS intensity with scattering angle for Epon 828/TETA.
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(@}

Desmeared experimental data; (O) calculated intensity for thermal density fluctuations + distribution
of heterogeneities shown in Table 11.
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Fig. 5. Variation of absolute SAXS intensity with scattering angle for Epon 828/NMA. (@)
Desmeared experimental data; (O) calculated intensity for thermal density fluctuations + distribution
of heterogeneities shown in Table 111

leveling of the scattering curve between 15 and 30 min before decreasing to
constant levels at relatively large angles (20 > 40 min). The Epon 812/NMA/
DDSA system displays a smooth decrease in intensity out to approximately 24
min. Beyond that angle, the intensity remains almost constant.

A nearly constant (asymptotic) SAXS intensity at small diffraction angles is
expected for an ideal liquid or glass because of the presence of thermal fluctua-
tions in density or composition. The expected magnitude of this scattering may
be obtained from thermodynamic fluctuation theory (e.g., ref. 17) and the
standard treatment of small-angle x-ray scattering!®:

1(0) = V {((Ap)?) = kTKpp? (3)
where K is the isothermal compressibility, p is the average electron density,

{(Ap)?*) is the mean square density fluctuation in a region of volume V, and 1(0)
is the zero-angle scattering.
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Fig. 6. Variation of absolute SAXS intensity with scattering angle for Epon 812/NMA/DDSA.
(@) Desmeared experimental data; (O) calculated intensity for thermal density fluctuations + dis-
tribution of heterogeneities shown in Table V.
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Weinberg!?20 suggested that a glass should retain the configurational (but
not the vibrational) fluctuations present in the liquid at the glass-transition
temperature T,,. The expected zero-angle scattering may be written

10) = kT K (T )p? (4)

Wendorff and Fischer! reported that the zero-angle scattering for poly(methyl
methacrylate), polycarbonate, and poly(ethylene terephthalate) increases linearly
with temperature below the glass transition, and increases linearly as well (but
with a higher slope) at temperatures above the glass transition. Rathje and ’
Ruland?? also reported the zero-angle scattering from poly(methyl methacrylate)
and polystyrene increases with temperature below the glass transition; but these
workers found a less-sharp transition in slope at T,. In contrast, Porai-Koshits®?
and we have found the zero-angle scattering from SiO, to be independent of
temperature below the glass transition; and in this case, the scattering data were
obtained over a temperature range of more than 900°C (T, = 1000°C for this
material). Because of the uncertainty in the expected zero-angle scattering at

'y temperatures below T, eq. (4) will be used to eliminate /(0). Because of the
: limited range of temperature between T, and ambient, this expression should
in any case be good to within about 25%.

The use of eq. (4) requires a knowledge of both T,y and K at T,. The com-
pressibilities of epoxy resins at elevated temperature are not well documented,
however; and it was considered best to measure K experimentally. Castings
of the Epon 828 samples were prepared containing strain gauges and were
pressurized 1o 2 kbar at ambienu temperature in a hydrostatic pressure vessel.
The compressibilities of the samples were determined from the slopes of the
compression-strain curves, and these values were used for Kp(7},) ineq. (4). It
is recognized that this represents an underestimate of the compressibility at T,
but the difference is expected to be modest. The method for determining K¢
could not be employed for the Epon 812/NMA/DDSA svstems, however, because
the sample was received in the as-cured state and thus could not be tested in the
pressure vessel.  As an approximation, K7 of the Epon 812 sample was taken
as the average of the Epon 828 compressibilities. The glass transition temper-
atures of the three samples were determined by differential scanning calorimetry
using a Perkin-Elmer DSC-2 apparatus, and the results were used with the
compressibility data to evaluate the expected zero-angle scattering.

For the Epon 828/TETA sample. for instance, we have p = 0.39 electrons A3,
K7=19x10"""dynem™, and T, = 105°C. Using these values, we obtain /(0)
= (.16 electrons? A% For Epon 828/NMA, parameters are p = .39 electrons
A3 T = 165°C, and Ky = 2.2 X 10-" dvnem=2  Substitution yields 1(0) = 0.20
electrons? A= for this system. These calculated values compare favorably with
the observed asymptotic intensities of 0.18 electrons?A~3 (Epon 828/TETA)
and 0.25 electrons? A=% (Epon 828/NMA). For the Epon 812/NMA/DDSA
system, parameters are p = .40 electrons A=%, T}, = 130°C and K was assumed
. to be 2 X 107!t dynem™2  The corresponding expected value of I1(0) is 0.18
electrons? A-3. This compares with the observed asymptotic intensity of ap-
proximately 0.3 electrons? A=3, DDSA is known2* to impart flexibility to epoxy
castings due to its long aliphatic chains; as a result, the compressibility of the
‘11 Epon 812/NMA/DDSA material is probably higher than the value used here.

(‘onsequently, the calculated value of 1(0) is likely an underestimate of the true
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value. The increase in compressibility with increasing temperature would also
give rise to larger expected values of the asymptotic scattering.

The pronounced rise in scattered intensity at small angles (26 < 30 min) and
the excess asymptotic scattering at larger angles (over that predicted by fluc-
tuation theory) can be associated with heterogeneities in the samples. The
scattered intensity from spherical particles of radius R may be expressed as

sin(hR) — hR cos(hR)

h :lei
Here ['(h) is the intensity in excess of the scattering from thermal density fluc-
tuations; and A = 4w sinfi/\, where \ is the wavelength of the radiation.

The sizes and concentrations of heterogeneities needed to describe the ob-
served scattering curves for the three samples are shown in Tables 11toIV. The
presence of large heterogeneities (R > 250 A) is required to explain the large
increase in intensity at very small angles. It is possible that these heterogeneities

I'thy=C(1 - C)V(Ap)* 3

(5)

TABLE 11
Calculated Sizes and Concentrations of Heterogeneities in Epon 828/TETA (p = 0.39
electrons A-%)

clAp = 10%) c{Ap = 100%)
R (A) (1 =) (Ap)? c(Ap = 1%) (X10-4) (X1078)
7 1.24 X 1074 0.0895 8.15 8.5
250 3.46 X 1077 0.0232 2.27 2,97
500 520X 1077 0.0355 3.42 3.42
1500 LI X 108 4.0793 7.30 7.30
1000 477 x 1077 0.0325 3.4 314

TABLE 111
Calculated Sizes and Concentrations of Heterogeneities in Epon 828/NMA (p = 0.39
electrons A=)

R (R) cll — ) iap? clAp =170 c(Ap = 10%) ctdp = 100%)
5 A1 X 108 (1300 21 X 1078 210 % 10"
250 917 X 1077 0.0663 6.19 X 1074 6.19 X 10~%
SO0 392 X 1078 L. 2.64 X 10-% 2.64 X 10~°
1000 2,39 X 1077 0.0164 1.61 X 104 1.61 X 10-%
4000 1,86 X 10-% 0.147 1.25 X 1073 1.25 X 1079

A (Gives el — ¢) > 0.25,

TABLE IV :
Caleulated Sizes and Concentrations of Heterogeneities in Epon 812/NMA/DDSA (p = 0.4
electrons A~

el =~ (Ap)? Lc(Ap = 10%) c(Ap = 1%
R A) (X10-6) c(Ap = 1%) (X 1073 (X107%)
150 3.18 0.266 1.95 1.95
500 1.91 0135 1.17 1.17
3000 177 0.124 1.08 1.08
5000 9.55 o 5.88 5.88
6000 5463 LR 3.38 3.38

aGives c(l = ¢) > 0.25.
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may be extrinsic to the polvmers. While adventitious impurities such as dirt
may be responsible for some of this scattering, a more likely source is gas (air)
bubbles incorporated in the resin during curing. As seen in Tables II to 1V,
concentrations of gas bubbles in the range of 1075 are sufficient to account for
the observed scattering (above fluctuation scattering) in the very low-angle re-
gion. Alternatively, the heterogeneities in this range of large sizes may be su-
permolecular arrays of regions which differ in crosslink density.

The scattering at larger angles (still in the small-angle region) is associated ’
with smaller heterogeneities. The slow decrease in scattering from the Epon
828 samples in the angular range between 20 and 30 min, and the excess scattering
at larger angles (above that due to thermal fluctuations) in all samples, partic-
ularly the Epon 812 sample, indicate the presence of small (<100 &) inhomo-
geneities in the materials. Again, concentrations of gas bubbles in the range of
1075 would be sufficient to account for the observed excess scattering, although
the presence of other structural inhomogeneities could also account for the
o scattering. If the densities of these heterogeneities differ only slightly from that
: of the matrix (as Ap/p = 17%), they could he present in sizable concentrations (see
Tables 11-1V).

Figures 4-6 show a comparison of the experimental data with the scattering
expected for the distributions of heterogeneities shown in Tables II to IV su-
perimposed on thermal density fluctuations. "The indicated distributions of
heterogeneities are seen to provide a close descripiion of the data. It should be
noted, however, that these distributions are not unique. They simply indicate
the ranges of sizes which are needed to describe the experimental data. Any
distribution used to describe the scattering must have large particles (in the range
of several thousand angstroms) as well as smaller particles (in the range below
200 A) in concentrations not greatly different from those indicated in Tables I1
to IV.

The present results seem at variance with many reported observations of
nodular features in cured epoxies as representative of the bulk structure. For
studies carried out using direct transmission electron microscopy on thin sections,
rather than electron microscopy of replicas, a density difference of about 0.1 g
em~% is required to produce observable contrast in a 1000-A-thick sample irra-
diated with 100 kV electrons.?” This indicates that inhomogeneities in a 10600

" A thick sample of epoxy would provide discernible contrast only if they differed
el in density from the bulk by about 5-10%, a difference which is much larger than

the change in density on curing. Further, the density difference required for
observable contrast increases as the sample thickness decreases. Examination
of Tables 11 to IV shows, however, that heterogeneities differing from the bulk
density by 10% or more can only be present at concentrations in the range about
0.1%—a range which is much smaller than the concentrations indicated for the
nodular features.

S iimkininateialata siaiidins,

)
" For studies carried out using electron microscopy of surface replicas, which
J represent the largest fraction of the observations of nodular features in epoxies,
9 a somewhat different question is posed by the present results. The indicated
ot volume fractions of heterogeneities seen in the electron microscopy studies are .

consistent with the SAXS results only if they differ in density by perhaps 1% or
less from the bulk. Considering the small change in density on curing epoxy
systems—-typically 1% or less—as well as the nature of the curing process, the
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occurrence of regions differing in density by only a small amount seems rea-
sonable. It remains to be established, however, how regions with such differences
in density become visible on fracture surfaces. Certainly there is good reason
for expecting regions of different crosslink density in cured epoxies; and such
differences should be reflected in details of the fracture process. What remains
to be clarified is the relation between such regions and the features seen in
electron microscope studies. The present SAXS results should be viewed as
providing data with which any proposed structural model must be consistent.

The sizes of the heterogeneities inferred from the present SAXS data, with
largest concentrations in the range about 150 A, are similar to those reported in
several electron microscope studies. Because of concerns about contrast in direct
transmission electror microscope studies of epoxies and about the relation be-
tween structural features and features seen in electron microscopy of replica
surfaces, as well as the differences in chemistry and thermal histories of the ep-
oxies examined, the similarity of sizes will simply be noted here.

CONCLUSIONS

The small-angle x-ray scattering from three cured epoxy resins-—an Epon 812
material, an amine-cured Epon 828, and an anhydride-cured Epon 828 —varies
with scattering angle in a manner generally similar to that observed previously
for glassy thermoplastics. The SAXS intensity from the epoxy samples decreases
sharply with increasing angle in the very small angle region (26 < 2 min), then
less slowly with further increases in angle (out to 20 equal to 20 or 30 min) and
then approaches a constant asymptotic intensity. As with the glassy thermo-
plastics, the measured SAXS in the constant-intensity region corresponds closely
with that expected for thermal density fluctuations frozen-in at the glass tran-
sition. In detail, however, the measured intensity is somewhat higher than that
expected for thermal fluctuations, particularly for the Epon 812 sample.

The increase in SAXS intensity at very small scattering angles has been as-
sociated with a small concentration of large heterogeneities (exceeding 1000 A
insize). These may well be heterogeneities extrinsic to the polymer, such as gas
bubbles introduced during curing of the resins. The presence of small hetero-
geneities (less than 200 A in size) is also indicated by the SAXS data. If intrinsic
to the polymers, they can be present in large concentrations (tens of percent)
if they differ slightly in density from the bulk (Ap/p = 1%).

The present results are inconsistent with the presence of nodular structures
visible in direct transmission electron microscopy of thin specimens, and set
constraints on the characteristics of heterogeneities seen using replica electron
microscopy. The precise origin of these heterogeneities is not clear at present.
They may be related to regions differing in crosslink density; but the nature of
this relation remains to be elucidated satisfactorily.

Appreciation is due to Dr. L. H. Peebles, Jr. of Office of Naval Research for stimulating discussions.
Financial support for the MIT portion of the present work was provided by the Air Force Office of
Scientific Research. This support is gratefully acknowledged.
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On the Structure of Glassy Polymers. VI. Electron
Microscopy of Polycarbonate, Poly(ethylene
Terephthalate), Poly(vinyl Chloride), and Polystyrene
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M. MEYER,* .J. VANDER SANDE, and D. R. UHLMANN, Department of
Materials Science and Engineering, Center for Materials Science and
Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139

Synopsis

High-resolution electron microscopy studies have been carried out on four giassy polymers ex-

F o amined in previous small-angle x-rayv scattering {SAXS) investigations. The polymers include

polvcarbonate, poly(ethylene terephthalate), poly(vinyl chloride). and polystyrene. For all four

pulymers, both bright-field and dark-field observations indicate the general absence of micro-

structural features of a size down to the resolution limit of the electron microscope. Only “pepper

and salt” features on a scale ca. 5 A are seen as characteristic of the structures. These features reflect

<imple interferences as the resolution limit is approached. and are seen for single crystals and oxide

glasses as well as for the polvmers. The present results, taken together with structural information

from light scattering, SAXS, and small-angle neutron scattering, indicate that glassy polymers should

= be regarded as having random structures.  The combined results are inconsistent with heterogeneous
microstructures having regions of locally high order present in large volume fractions.

) INTRODUCTION

The past decade has seen much debate and many seemingly contradictory
results on the structure of bulk amorphous polymers. There have been several
structural models proposed in the literature, each providing an explanation for
certain experimental results. Foremost among these are the random coil model,
advanced forcefully by Flory and his associates' and the nodule model, advanced
by Geil and Yeh and their associates.”

The random coil model pictures the unoriented amorphous bulk polymer as
random in structure with isotropic properties. The configuration statistics of

. the molecule in bulk are expected to be the same as when dissolved in a f solvent.
o Rubber elastic behavior, light scattering, small-angle neutron scattering, mag-

3 netic birefringence, and small-angle x-ray scattering are among the experimental ;
B results which have provided support for this model. ‘
v The nodular bundle models assume that glassy polymers are inhomogeneaus
S" on a molecular level, with regions of disorder and regions of local order both 1
b 5 present in large volume fractions. The principal experimental results which
1 have provided support for this model are transmission electron microscope ob-

* servations, although other results such as those obtained in x-ray diffraction
; studies have aiso been discussed in terms of regions of locally high order.

L4 Because of their relevance to the present investigation, it seems appropriate

* Based in part on a thesis submitted by M.M. in partial fuifiliment of the requirements for the
M.S. degree in Materials Science, Massachusetts Institute of Technology, 1978,
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to review briefly the salient findings of the studies used to support the nodule
hypothesis. Work dealing with four polymers—polycarbonate, polystyrene,
poly(ethylene terephthalate), and poly(vinyl chloride)—will receive particular
attention.

A precursor of the nodule mode) is discussed in the work of Krimm and To-
bolsky,” who performed x-ray diffraction studies of polystyrene and poly(methyl
methacrylate). For both polymers, diffraction peaks suggested to be associated
with interchain distances were identified, and were indicated to change sys-
tematically with thermal treatment. It was suggested that small ordered regions
were present in both polymers, with the size of the ordered regions being smaller
in the case of poly(methyl methacrylate) because of the presence of the bulky
side groups.

Bjornhaug et al.? expanded on the work of Krimm and Tobolsky by applying
radial distribution analysis to the x-ray diffraction patterns. For polystyrene
the peak intensities at 5 and 10 A were suggested to be higher than expected for
a random conformation, and were explained by postulating the existence of or-
dered regions in the amorphous polymers,

Yeh and Geil” used a solution-casting technique to prepare specimens of glassy
poly(ethylene terephthalate) for transmission electron microscopy. They re-
ported the presence of ball-like structures, 45-100 A in size, as an essential
structural feature of the material. These features were termed nodules. Sub-
sequent observation, after annealing near the glass transition, showed the
structures to have aggregated and aligned. Extensive annealing over a 6-day
period at 66°C resulted in the formation of spherulites. At 154°C, the spherulites
were formed in 15 min. Dark-field electron microscopy, carried out using a
portion of the most intense diffuse halo of the electron diffraction pattern, in-
dicated heterogeneities of about the same size as those seen under bright-field
conditions.

Carr et al.® carried out electron microscope studies of polycarbonate and re-
ported the presence in large volume fraction of nodular units about 125 A in size.
These structural features were reported to enlarge upon annealing at tempera-
tures near the glass transition. The nodules were suggested to represent regions
of locally high order.

Klement and Geil? carried out an electron microscope study of solution-cast
specimens of isotactic polystyrene (i-PS), isotactic poly(methyl methacrylate)
{i-PMMA), and polycarbonate (PC). After observing the as-cast structures,
the polymers were drawn uniaxially at a controlled temperature: 105-125°C
for PC, 55-70°C for PMMA, and 95-110° for PS.

The as-cast morphology of PC consisted of 100-A nodules which grew and
merged into a spherulitic structure upon annealing. The postdeformation
morphology consisted of rows of thick and thin polymer aligned perpendicular
to the drawn direction and spaced 1000 A apart. It was suggested that the 100-A
nodules were composed of closely packed chains which were drawn out during
deformation.

The as-cast i-PMMA was also amorphous by electron diffraction, but electron
micrographs of samples shadowed with carbon-platinum revealed a 150-200-A
nodular structure. Samples which had been drawn to four times their original
length exhibited 700-800-A undulations. The nodules were suggested to be
composed of closely packed chains, as in PC. The as-cast i-PS films were
amorphous and structureless above 100 A. Drawn films had surface undulations
which resembled those of PMMA.
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Yeh! investigated the nodular structures found in PS. Neither tacticity,
molecular weight, nor the molecular weight distribution of the atactic polymer
changed the electron diffraction pattern. The nodular features, interpreted as
regions of local order, were about 15-45 A in diameter in the freshly prepared
samples. Upon irradiation for 60 sec in the electron microscope, the location
of a diffraction ring initially at 4.78 A—suggested as arising from orderly chain
packing—was observed to change to larger d spacings; and evidence of increasing
line broadening and decreasing intensity with increasing irradiation was also
noted.

Nodular structures about 200 A in diameter were seen'’ in ion-etched rigid
polv(vinyl chloride) (PVC). No such structures were seen, however, in freeze-
tfractured samples of this polymer,? although similar features were observed in
treeze-fractured samples of plasticized PVC.

The conclusions of these studies—that glassy polymers are composed of regions
of disorder and regions of locally high order—have been called into serious doubt
by a number of recent experimental studies. Among these, three groups of in-
vestigations seem deserving of particular note:

1} Light scattering. Patterson!? investigated the effects of cooling on light
scattering from PMMA and PC. No evidence was found for an increase in the
number density or size of heterogeneities in the polymers as the temperature
was lowered. as would be expected for nodular structures as regions of local
order.

2) Small-angle x-ray scattering. The small-angle x-ray scattering from a
variety of polvmers, including PC, PMMA, PET, PVC, and PS. has been shown!4
to be inconsistent both in magnitude and in angular dependence with the pres-
ence of nodular structures as representative of the bulk material.

3) Small-angle neutron scattering. Among studies of small-angle neutron
scattering from amorphous polymers, that of Benoit!'® can be taken as repre-
sentative. 'The radii of gvration of eight molecular weight polystyrene polvmers
were found to be the same, within experimental error, as those of the polymers
in a ' solvent {(where the random coil is widely acknowledged as providing a usetul
representation of the chain conformation).

Taken in toto, these findings cast strong doubts on the validity of the electron
microscope ohservations which suggested the occurrence of nodular structures
as essential features of amorphous polvmers. It seemed highly desirable.
therefore. to reexamine the structure of glassy polvmers using the technique of
high-resolution electron microscopy. The present paper reports the results of
such a reexamination.

EXPERIMENTAL PROCEDURE

The polymers studied in this investigation were bisphenol-A polycarbonate
(PC)Y, amorphous poly(ethylene terephthalate) (PET), poly(vinyl chloride)
(PVC), and polystyrene (PS). The samples were ohtained from the same staock
as those used in previous small-angle x-ray scattering studies'*% 1%; the char-
acteristics of the materials are cited in the previous papers.

The specimens were prepared for transmission electron microscopy using
variations of the procedures emploved by Geil and his co-workers. In the case
of PC, 1.1 g of PC was dissolved in 40 mi of evelohexanone. A clean glass slide
was dipped into the solution.  The slide was removed, and the solution allowed




~”C’¥ r"‘ .

e

s>

-‘\‘c-

2008 MEYER, VANDER SANDE, AND UHLMANN

to evaporate. The slide was dipped into distilled water, the polymer film floated
off, and a portion of the film was picked up on a copper grid.

In the case of PET, 1.05 g of PET was dissolved in 40 ml of phenol. A car-
bon-coated grid was dipped directly into the solution, and the solvent was allowed
to evaporate. 'The sample used for the bright-field-dark-field pair was made
then. The samples used in the through-focal series were made two days later.
The solution was first centrifuged to remove a hazy suspension, and the clear
liquid decanted off and used in making the sample.

In the case of PVC, 602 g of PVC was added to 30 ml of nitrobenzene to form
a saturated solution. For PS, 1.4 ¢ of PS was dissolved in 40 ml of methylethy)
ketone. In each case the grid was dipped directly into the solution, and the
solvent allowed to evaporate.

In those cases where a carbon film was used to support the polymer, the carbon
substrate was about 150 A thick and the polvmer was always at least four times
this thickness. In all cases, the grids with sample attached were coated with a
thin carbon laver to minimize problems of sample instability in the electron
beam.

The specimens were examined in a Siemens Elmiskop 101 electron microscope
operating at 80 or 100 kV. This instrument is a modern, high-resolution electron
mictoscope with a resolution of 3.5 A point-to-point. The specimens were viewed
in both bright field and dark tield. The dark-field ohservations were accom-
plished using the second ditfuse halo centered on the optics axis. An objective
aperture of 25 um was used. The sequence of images was usually the dark-field
image (requiring an exposure time of about 30 sec) followed by a bright-field
image of the same area {exposure time about 4 sec). [t was determined that the
reverse sequence (bright field preceding dark field) yielded identical results. In
all cases, the micrographs were taken using the full resolution of the instrument
(with magnificati.ms of  X500,000 or more onthe photographic plates). Insome

cases, through-focus series of micrographs were taken to explore the etrect of

focus condition on the apparent structure.

RESULTS

Polycarbonate

A representative bright-tield electron micrograph of polycarbonate is shown
to the left in Figure 1. [t is seen that the material is structureless (featureless)
down to the limit of resolution of the electron microscope. Only the “pepper
and salt™ structure characteristic of electron micrographs taken at high resolution
is seen.  The “"pepper and salt™ structure observed is a result of the use of a finite
ohjective aperture to limit the amount of information (in the form of transmitted
or scattered electrons) exiting the object that is used to construct the image.
That is to say, the original object convoluted with the transform of the ¢ircular
objective aperture tan Airy disk) vields the form of the image.!™ If the object
is considered to be an array of atoms or molecules, then the convolution of the
object with an Airy disk (the aperture transform) will vield a blurred image of
the array observed as the “pepper and salt” structure.

The corresponding dark-field image of the same area is shown to the right in
Figure 1. Again. no evidence of any nodular features is seen; and the comhination
of the bright-field and dark-field micrographs provides strong evidence for a
highly homogeneous structure.
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* Polv(ethylene Terephthalate)

A representative bright-field electron micrograph is shown to the left in Figure
22 the corresponding dark tield micrograph of the same area is shown to the right
in Figure 2. Again the material is seen to be featureless down to the limit of
resolution of the electron microscope.

Since PET was the first polymer for which distinet nodular structures in the
slassy state were reported, and since the nodules in this material appear with
greater clarity than those in other polvmers, it was decided to subject PET to
even closer serutiny,  Neveral through-focus series of micrographs were taken,
a representative set of which is shown in Figure 3. This series shows the absence
. of perceivable structure in the in focus micrograph, and illustrates how apparent

structure can be developed in the micrographs by going to either an underfocus
or an overfocus condition.  Using the arguments above, the change in the seale
of the salt and pepper noted with change in focus can be considered as an addi-
tional defocus convolution with the original object.
Poly(vinyl Chloride) and Polystyrene

Representative hright-field and dark-tield electron micrographs of the same
area of the polvivinyl chloride) sample and polystyrene sample are shown in
Figures 4 and 5, respectivelv. 1t is seen that these polvmers are also featureless
down to the resolution of the electron microscope. No evidenee is found for
nodule-tyvpe heterogeneities: only the “pepper and salt” structure is noted.

For all four polvmers, occasional discrete heterogeneitios were seen. These
heterogeneities are usually ervstalline in nature, and are present in small volume
fractions (tvpically tess than 19). ‘The origin and characteristies of these het
erogeneilies was not examined in detail,
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Fig. 2. Corresponding bright field detty and durk tield tright) electron micrographs of poly
tethvlene terephthalate),

DISCUSSION

The results of the present investigation of four glassy polvmers, carried out
using a modern high-resolution electron microscope, indicate the absence of any
observable heterogeneities present in sizable volume fractions in any of the
polvmers. When viewed in either bright field or dark field. each of the polvmers
appears featureless down to the limit of resolution of the electron microscope.
When viewed at very high magnifications, only the pepper and salt features on
ascale ca. & A are seen as characteristic of the polvmer.  Such pepper and salt
features are seen in all materials, even single ervstals and oxide glasses, when
ohservations are carried out near the resolution limit of the electron micro-
scope.

These results indicate that the microstructure of all four polymers - PC, PET,
PVC.and PS s featureless down to a scale below 10 A, Similar featureless
microstructures have previously heen observed for single-component oxide
glasses such as fused silica™: it is suggested that these glassy polvmers, like the
oxide glasses, should be regarded as random arrays in which no unit of structure
is repeated at regular intervals in three dimensions.

The through-tocus series of electron micrographs, an example of which is
shown in Figure 3, indicate the absence of structural features when in focus and
the development of such features when out of focus. That is, the samples are
featureless down to about the resolution limit of the electron microscope when
in focus; but out-of-focus conditions can lead to the pepper and salt being seen
as apparent structure on a scale notably greater than the resolution limit.  When
taking micrographs at high magnifications, particularly under dark-tield con-
ditions, it s difficult to achieve exact focus conditions, and correspondingly easy
to observe apparent structure on a fine scale as a result of instrumental arti-
facts,
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Fie. 1 Correspondimg bright field defty and dark field trighty electron micrographs of polytvinyd
chlarder.

The results of the present electron microscope study are therefore in accord
with the lindings of other investigations of glassy polymers, such as the light
seattering, small-angle x-rav scattering and small-angle neutron scattering work
discussed in the Introduction. It remains only to consider the wide-angle x-ray
dittfraction studies which have been taken as providing direct structural evidence
for regions of local order in glassy polymers.

In assessing the results of the x-ray diffraction studies, it should first be noted
that the ability to obtain eritical insight into the structure of amorphous materials
depends on the reliability of the scattering data at intermediate-to-large values
of sint/X. Here #1s the scattering angle and X is the wavelength of the radiation
used.  Unfortunately, for materials composed of elements of small atomic
number such as polymers, the Compton modified intensity which contains no
structural information often comprises the bulk (perhaps as much as 90%) of the
measured intensity at large values of sin (#/X).  This large modified scattering
must be separated from the coherently diffracted intensity by a theoretical

correction which introduces considerable uncertainty into the precise form of

the data.

A second problem is introduced by the use of the “proportionality of scattering
factors™ approximation, which is used to effect a Fourier inversion and obtain
the radial distribution function from diffraction data. The approximation as-
stimes that the sin (0/0) dependence of the scattering factors for all atoms in the

glass is the same.  Unfortunately, this is a poor assumption for many glassy

polviners (e.g.. PCY and introduces an error of unspecified form in the re-
sults,
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Fig. 5. Corresponding bright-field (left) and dark-field (right) electron micrographs of polysty-

rene.

The studies cited above as providing evidence for local order in glassy polymers
encountered both of these problems; and these problems limit substantially the
confidence which can be placed in the conclusions. More recent x-ray diffraction
studies of glassy polymers®" have suggested that little intermolecular ordering
occurs, The recent studies have generally emploved improved experimental
techniques, but still have analvzed the data in terms of radial distribution
tunctions (and hence still have used the proportionality of scattering factors
approximation).

The large Compton scattering component at high sin (¢/A) can experimentally
be reduced or eliminated by the use of double-crystal monochromators or fluo-
rescence detectors; the proportionality of scattering factors approximation can
be eliminated by avoiding the Fourier inversion and describing the structure in
terms of pair correlation functions, These techniques are discussed at length
in ref. 21. To date. such techniques do not appear to have been applied in
published studies of amorphous polvmers, however, a recently completed in-
vestigation of polvearbonate which does utilize these techniques=? indicates that
the frequently occurring distances in this polymer can be described as intrachain
distances,

The results of the present electron microscope study are then in accord with
wide-angle x-ray diffraction data as well as the results of the other studies dis-
cussed above. The present findings are. however, at variance with those of the
electron microscope studies discussed in the Introduction. Through-focus series
of micrographs such as that shown for PET in Figure 3 sugzest that the fine-scale
(<20 A) appurent structure seen in some previous investigations may simply
reflect the use of electron microscopes of insufficient resolution, or may result
from the lack of proper focus in taking the micrographs. Neither of these
possibilities can be confirmed at present, nor can alternative explanations based
on other effects such as radiation damage trom the electron heam or the possi-
bility that the ohserved nodules represent surface features of the polymers.
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It seems clear from the present work that the nodular structures should not
be taken as representative of the microstructures seen in electron microscope .
examination of glassy polymers. It also seems clear that random array models,
such as the random coil model, are generally in accord with the electron micro-
scope results as well as with the results of a variety of other structural investi- .
gations and determinations of properties.

CONCLUSIONS

The microstructures of four glassy polymers—polycarbonate, poly(ethylene
terephthalate), poly(vinyl chloride), and polystyrene—have been examined using
high-resolution electron microscopy. In all cases, the microstructures are gen-
erally featureless down to the limit of resolution of the electron microscope. Only
the pepper and salt features characteristic of microscope operation near the
resolution limit are seen. Both bright-field and dark-field electron microscopy
indicate featureless microstructures, with occasional evidence for discrete het-
erogeneities present in very small volume fractions.

The present results are in accord with data obtained from light scattering,
small-angle x-ray scattering, and small-angle neutron scattering in suggesting
that the structures of glassy polymers be represented as random arrays. The
results are at variance with observations of previous electron microscope studies
which indicated the presence of nodular features. It has been shown here that
features like the fine-scale nodules can be produced by out-of-focus conditions
on electron micrographs, conditions which often obtain in taking micrographs
at high magnifications.
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